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ABSTRACT 
The Fe-Cu-Zn sulphide mineralisation of the Polusagi and Canakci areas are 
two of many cupriferous deposits which occur along the S.E. Anatolian 
ophiolite belt. The Polusagi stratiform mineralisation is within the lavas 
of an Upper Cretaceous-Eocene submarine volcanogenic sequence which is 
thrust over the crystalline Palaeozoic basement rocks. The Canakci mineral-
isation occurs within the volcanogenic sediments of probable Upper Cretaceous-
Eocene age. 
The host and associated rocks of the mineralisation at Polusagi are 
studied in detail, Extensive submarine alteration has changed the igneous 
mineralogy and rock chemistry. Element mobility during the alteration is 
determined and a chemical classification scheme is proposed on the basis of 
the immobile elements Zr, Y9 Nb, La, Ce and Ti, The igneous rocks belong 
to a tholeiitic suite and were formed during the early stages of an island-
arc development on a Tethyan marginal basin floor. 
The Polusagi magma originated from a high degree partial melting of 
an upper mantle source rock and the various rock types were produced by a 
process of fractional crystallisation involving olivine, clinopyroxene, 
magnetite, plagioclase and apatite. 
Nineralogy and mineral chemistry of the Polusagi rocks are studied 
in detail. The rocks were metamorphosed to prehnite-pumpellyite facies at 
higher stratigraphic levels and to greenschist facies at lower, under pre-
ssures ( Jkb and probably around 2kb. Metamorphism was basically a result 
of sea-water-rock interaction i.e. "ocean-floor hydrothennal metamorphism". 
Ore mineral chemistry and mineralisation at both areas are examined in 
detail. The Polusagi massive sulphides are fine grained and composed mainly 
of pyrite, chalcopyrite and sphalerite with minor fahlore, galena, bornite 
and covellite and traces of magnetite, hematite and idaite. They show 
strong mineralogical banding and exhibit features ascribable to precipitation 
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from solutions in an unrestricted environment. The massive sulphides are 
underlain by pyritic stockwork mineralisation and are overlain by and 
associated with Fe-Mn-oxide rich siliceous sedimentary horizons. The 
mineralisation at Canakci is in t.wo forms : massive and disseminated. 
In many aspects, the former is similar to the massive banded ore and the 
latter to the stockwork mineralisation of the Polusagi deposit. The 
Canakci massive sulphide is composed mainly of pyrite, bornite, fahlore, 
sphalerite and galena with minor chalcopyrite, digenite, idaite, covellite 
and traces of mawsonite,hexastannite, colusite and native gold. 
A model is presented to account for the genesis of both deposits. In 
the submarine geothermal system set up following the volcanism, the sea-
water percolated through the volcanic pile, became heated and reacted with 
and leached metals from the rocks. The hydrothermal metal bearing sol-
utions were then discharged onto the sea-floor through channels now rep-
resented by the stockwork mineralisation. Upon reaching the sea-water-
rock interface with temperatures up to ~°C, the solutions mixed with 
the sea-water and precipitated massive sulphides as a result of a sudden 
drop in temperature and increases in pH and oxygen fugacity. With further 
dilution, Fe-~m oxide rich siliceous sediments precipitated from cool and 
now oxidised solutions. 
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CHAPTER ONE 
INTRODUCTION 
1.1 Introduction 
The subject of this thesis, the geology and geochemistry of certain 
sulphide deposits in the province of Malatya, central SE Turkey, was 
suggested by the Mineral Research and Exploration Institute of Turkey 
(MTA), a state-owned establishment, The writer visited a number of 
reported ore mineral occurrences and subsequently detailed mapping and 
sample collecting work was carried out in the areas around the villages 
of Gevenis and Canakci during summer 1978, and Polusagi during summer 
1979, all within 40 km (aerially) east-southeast of the provincial 
capital, Malatya. 
The main purpose of this work is to gain an insight into the setting, 
geology and genesis of the mineralisations in the studied areas. However, 
the mineralisation in the Gevenis area proved to be unimportant and is 
mainly a scattered and minor fracture filling pyritic mineralisation 
associated with a complex mixture of volcanics, volcanogen1c sediments and acid 
intrusions. On the other hand, the mineralisation at the other areas 
include massive, poly-metallic (mainly Fe-Cu-Zn) sulphide mineralisation 
as well as 'stockwork' type disseminated ore occurrences. Therefore, the 
work carried out around the village of Gevenis is not included in this 
study and the thesis is concerned with the relatively important sulphide 
mineralisations and associated rocks in the Polusagi area and to a lesser 
extent the Canakci area. 
1.2 A brief review of regional structure and ophiolites in Turkey 
There have been many attempts at dividing Turkey into tectonic units 
and today the most commonly accepted division is based on Ketin (1966). 
He broadly divides the country into four major units : 
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Anatolids, the Tauridsand the Border Folds (Iranids) which are roughly 
parallel to each other in an east-west direction. See Fig.l.l. 
a) The Pontids or the Northern Anatolian Folds (Ilhan, 1971): 
This unit mainly contains unmetamorphosed fossiliferous marine formations 
from the Silurian to the Pliocene. Some of the oldest mountains, the 
Caledonian and Hercynian massifs,occur in this zone in addition to the 
early Alpine orogenic movements. At the beginning of Mesozoic, the area 
was locally raised above sea-level as islands, while the rest of Anatolia 
was still under water. 
b) The Anatolids: This unit comprises the intermediate folds and the 
middle and western Anatolian crystalline massifs and some ophiolites 
developed at the end of the Cretaceous. It is relatively free from pre-
Alpine movements. 
c) The Taurids or the Southern Anatolian Folds: This belt is the 
westward extension of the southern Alps, the Apennines and the fold zones 
of Yugoslavia, Albania and southern Greece,which then passes to the east 
into the Zagros Crush Zone in Iran. It mainly consists of marine 
sediments from the Ordivician up to the Miocene. Two major crystalline 
massifs, the Puturge Massif, SE of Malatya,and the Bitlis Massif further 
towards the east occur in the zone lying parallel to the general trend. 
The alpine movement reached its peak at the end of the Cretaceous and the 
Taurus mountain range, which gives its name to the unit, assumed its main 
form after the Miocene. 
d) The Border Folds: This region appears to have formed by continued 
sedimentation from the Pre-cambrian to late Pliocene. Shallow water 
sediments generally did not suffer metamorphism or magmatic activity. 
This unit is the NW extension of the Middle East foredeep belts and in 
the north, it is separated from the orogenic belt by a significant thrust 
zone. 
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According to Ketin (1966) the tectonic-orogenic evolution of 
Anatolia proceeded gradually from the north to the south i.e. the first 
stronger and effective movements began in the Northern ranges and passed 
towards central Anatoliap then to the Taurids and the southern Border 
Folds. 
The Northern and the Southern Anatolian Folds form the major fold 
patterns in Turkey. The areas between the major branches of these folds 
are occupied by less intensively folded areas which are predominantly 
metamorphic and plutonic rocks forming stable areas such as the Menderes 
and Central Anatolian Massifs. The minor folds in these areas extend in 
directions different from those in the Pontids and the Taurids. 
The above outlined orogenic belts in Turkey also show strong 
affiliations with ophiolites and melange zones (Fig. 1.1). The ophiolitic 
series follow the tectonic boundaries and show striking parallelism to the 
main earthquake zones. The major ophiolitic zones are briefly describt!!d 
below: 
a) The Northern Anatolian ophiolites follow the internal zone of 
the North Anatolian Folds (the Pontids) and in the east they join the 
ophiolites occurring within the internal sectors of the Southern 
Anatolian Folds (the Taurids). 
b) The Central Anatolian ophiolites mainly consist of ultrabasic 
occurrences scattered over the border sections of the folds and the 
Central Anatolian Massifs. 
c) SE Anatolian ophiolite zone: This belt occurs in the Southern 
Anatolian Fblds as an eastward extension of the Troodos ophiolite in 
Cyprus and continues south-eastward into Iraq and the Zagros Mountains 
Crush Zone in Iran, passing into Oman and finally to the Himalayas. This 
ophiolitic z;one separates the Taurids from the Border Folds. In general 
the ophiolites show upward sequences very similar to the typical 
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succession assumed for the oceanic crust i.e. ultramafics, gabbros 
sheeted dolerite dykes, pillow lavas and at the top, submarine sediments 
(Ileri et al, 1976). The ultramafic and basic rocks (dunites, harzburgites, 
gabbros, dolerites etc) are serpentinised, sericitised or schistose. 
They are associated with radiolarites, dark and green coloured flysch-
like sediments, thin bedded limestones and exotic blocks of plutonic, 
metamorphic and sedimentary rocks. Large scale Alpine type structures 
such as thrusts, tectonic slides and nappes are extensive. For instance, 
crystalline rocks of the Bitlis Massif are thrust southward over the 
ophiolitic rocks and the Upper Cretaceous and Paleocene rocks of the 
Border Folds by at least 15-20 km (Stoneley, 1974). 
The ophiolites of the inner sectors of the tectonic units are 
generally considered to be of early Mesozoic age, and the SE Anatolian 
ophiolites of Upper Cretaceous and Paleocene age (Baykal and Erentoz, 
1966; llhan, 1971; Brinkman. , 1972). 
Ophiolitic rocks are generally considered to be obducted slices of 
past oceanic crust and the upper mantle (e.g. Dewey and Bird, 1970, 71; 
Gannser, 1974; Coleman, 1977). Studies over the SE Anatolian ophiolites 
and their westward and eastward extensions lead various workers to consider 
them as the suture line of the former Tethys Ocean (e.g. Stocklin, 1974; 
Dixon and Pereira, 1974). Such considerations of the ophiolites suggest 
that the stable Massifs of Anatolia are micro-plates between the major 
plates of Laurasia and Gondwanaland. Andesites, dacites and rhyolites 
of the eastern Pontids have been shown to have formed by island arc 
volcanism (Egin et al, 1979). The SE Anatolian ophiolites can, 
similarly, be interpreted as representative of the Tethyan ocean floor 
or island arcs or a complex combination of such tectonic settings. The 
Tethys Ocean started closing up in early Mesozoic times and probably 
continued until Oligo-Miocene times when the collision of the Anatolian 
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Massifs with the Arabian block occurred as a result of continuous 
movement of the Arabian Shield (then part of Gondwanaland) towards the 
Hussian Platform (Laurasia). The oceanic floor of Tethys must have been 
consumed under the Anatolian micro-plate or plates when the Arabian block 
was moving northward, leading to the obduction of the oceanic rocks as 
ophiolites and melange deposits, and to orogenic belts and large scale 
Alpine type structures. The collision of the Arabian block with the 
Anatolian Massifs took place in Oligocene and Miocene times but the 
northward movement did not stop. The Anatolian Massifs then started 
moving northward with the Arabian block, forming another subduction zone 
beneath the eastern Pontid islands during the Pliocene; later the oceanic 
floor of the Black Sea was underthrust beneath the eastern Pontid Island 
Arc, producing yet another subduction zone. This plate tectonics model 
for the development of Eastern Turkey (Ataman et al, 1975) is summarised 
in Fig. l. 2. 
1.3 Sulphide mineralisation along the SE Anatolian ophiolite belt 
This belt, marking the boundary between the collided blocks of the 
Anatolian micro-plate or plates and the Arabian Shield, is also 
interesting and important in terms of mineral deposits and their 
relations and implications to the tectonics of the area. There are 
numerous occurrences of cupriferous mineralisation along this ophiolitic 
belt (Fig.1.3). The well known Ergani-Maden copper deposits (Griffitts 
et al, 1972; Ileri et al, 1976; Cagatay, 1977) which have been worked for 
around a thousand years, and the economically important pyrite-
chalcopyrite-magnetite deposit of Madenkoy-Siirt (Calgin, 1976; Ozcelik, 
1977) occur in this belt. Other relatively better studied sulphide 
deposits include the Karadere-Lice and Midyekoyu-Cungus occurrences 
(Cagatay, 1977). The sulphide occurrences at Polusagi and Canakci, 
province of Malatya, are the subject of the present study, 
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If the cupriferous deposits associated with the Troodos ophiolites 
are considered as occurring in a south-westward extension of the SE 
Anatolian ophiolite belt, it becomes clear that a chain of sulphide 
deposits occurs along the ophiolitic belt which shows siwilal' cimracter-
istics. The Ergani-Maden deposits(lleri et al, 1976) and the Madenkoy-
Siirt deposit are of Cyprus type with similar ages, and are related to 
the volcanogenic activities of the Tethys ocean and to the tectonic 
evolution of the belt as a whole. 
1.4 Location of the Polusagi and Canakci areas 
The studied areas are on the Sivas sheet of the series of 
explanatory texts of the geological map of Turkey (scale 1 : 500000) and 
within what is described as the Upper Cretaceous ophiolitic rocks 
(Baykal and Erentoz, 1966) in the province of Malatya, SE Turkey. The 
Polusagi area is situated 30 km (aerially) to the SE and the Canakci area 
40 km to the east of the provincial capital, Malatya (Fig. 1.4). Both 
areas are accessible through a stabilised road for roughly the first half 
of the distances and thereafter by non-stablised roads. Access to the 
areas during the winter months can be difficult. 
The topography in general is ragged and the vegetation is poor. Hot 
and dry summer months are followed by wet, cold and snowy winters. 
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CHAPTER TWO 
ROCK UNITS AND FIELD RELATIONS 
2.1 The Po1usagi area 
2.1.1 Introduction 
The first notable geological work in the area was undertaken by 
Etibank (a state owned mining company) in 1968 and 1969 to explore the 
economic potential of the sulphide mineralisation. The work included 
some geophysical surveys, detailed mapping, small scale excavations and 
four drilling projects with a total depth of 566 m, completed in 1969. 
Unfortunately the drill cores were not available for inspection but an 
unpublished report (Buyukyanbolu, 1969) gives an account of the work 
carried out by Etibank. Yazgan (1969,1972) made a detailed petrographic 
study of the rocks around and including the area presently described. 
MTA started geological work on the area in 1978 and detailed mapping and 
small excavations over the sulphide exposures were being carried out when 
the writer visited the area in July-August 1979 for 5 weeks. The writer 
completed a map of the area,with a scale of 1:10000 and covering 21 km~ 
within this period which is enclosed in the back-pocket (Map 1). See Fig,2.1, 
The mapped area is rectangular in outline and the main topographic 
features are the Gelipolan stream with its main tributaries the Hasenak 
and Maden streams running roughly south, and the various peaks around the 
steep-sloped valleys of these streams. These streams join the Siro Cayi, 
the main local tributary of the Euphrates, to the south of the area. The 
topography is ragged and considerable landslides occur along the steep 
slopes of the Gelipolan and Maden streams. The altitude reaches its 
highest levels at Cuticalli Tepesi (1845 m) and Zer Tepesi (1840 m) and 
the lowest (below 1200 m) in the southern end of the Gelipolan stream. 
Peaks above 1700 m are common (Plate 2,1), 
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2.1.2 Stratigraphy and the rock units 
The rocks belong to two different age groups, the Palaeozoic base-
ment crystalline series and the overlying Upper Cretaceous-Eocene 
ophiolitic series which are separated by a thrust plane (Yazgan, 1969,72). 
The ophiolitic volcano-sedimentary rocks are intruded by basic and acid 
igneous rocks. The stratification of the rocks from top to bottom is: 
a) Agglomerates, to the north outside the mapped area (Yazgan, 
1969,72) 
b) Volcanic rocks containing Fe-Mn rich siliceous sediment levels 
and the sulphide mineralisation 
c) Agglomerates 
d) Red schists or argillites 
e) Calc-schists 
f) Fossiliferous limestone 
T h r u s t p 1 a n e 
g) Crystalline basement rocks 
2.1.2.1 Crystalline basement rocks of Palaeozoic age 
These rocks occupy a limited area and topographically the lowermost 
levels around the SE end of the Gelipolan valley. Yazgan (1972) considers 
them to be older than Permo-Carboniferous and differentiates these 
metamorphic rocks into 3 units. These units represent increasing grade 
of metamorphism from top to bottom and are briefly described below: 
a) Arkosic greywakes: This is the least metamorphosed level and 
occurs immediately below the thrust plane. It is not a continuous horizon 
and may be missing, Schistosity is weakly developed. Fragments of 
plagioclase, K-feldspars and quartz with grain sizes around 1 mm occur in 
a clastic matrix with mica. Some quartz porphyryblasts may be up to l em 
in diameter. Mylonitisation and cataclastic textures are common in the 
upper parts but disappear in the lower parts with better schistosity. 
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The other minerals found are hornblende, iron oxides, zircon and 
leucoxenised-sphene. 
b) Upper mica-schists: This level is about 30 m thick and may occur 
directly below the thrust plane. lt is green as opposed Lu Lhe brownish 
underlying level, and characterised cy the presence of chlorite and 
muscovite forming the schistose matrix for the alternating quartz and 
albite rich bands. The unit probably represents a metamorphosed pelitic 
sequence. 
c) Lower mica-schists: The colour is grey-black to hrowni~h due to 
the abundant biotite and white mica with well developed schistosity. This 
unit is widely distributed and the apparent thickness may reach 200 m 
around the mapped area. The upper parts of this level are characterised 
by porphyryblasts (around 1 mm) of albite with quartz, chlorite and iron-
oxide inclusions,with occasional garnet and quartz in a matrix of biotite 
and white mica. In the lower parts the amounts and the sizes of garnet 
grains are increased (from 1 mm to 5 mm). The schistosity is pronounced. 
The unit is probably a metamorphosed pelitic sequence. 
The presence of thin carbon-rich levels is taken by Yazgan (1972) to 
be evidence of a sedimentary origin for these rocks. 
In the mapped area the basement rocks are mica-schists containing 
garnet, biotite, white mica and quartz corresponding.to the Lower mica-
schists described by Yazgan (1972). Due to the presence of the thrust 
plane, the relevance of the basement rocks to the overlying volcano-
sedimentary rocks is uncertain. 
2.1.2.2 Limestone 
A greyish limestone, up to 10 m thick, covers the top of the 
crystalline uasement rocks i.e. immediately above the thrust plane. At 
lowet· p<tt·ls it cottslsts of angular and unsorled rragments of the under-
lyln~ meLtmot·pliic rocks l>ound together hy a calcitic and sandy matrix. 
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The pnlycrstalline qua1·tz grains and rec1·ystallised nurnmilitic fragments 
arotmcl 5 nun in diameter are common. In places the limestone app1·oaclles a 
coarse tmsorted sandstone. Tl1e ca taclastic texture disappears towards 
the upper parts where it becomes a recrystallised nunual l'ussill Lerou:;, 
limestone, relatively free from fragments of underlying rocks. According 
to Yazgan (1972) Lhe nurnmilites are of Middle-Eocene age. 
~.1.2.3 Calc-schists 
These grey-g1~en schistose rocks directly overlie the limestone with 
a gradational transition and may be up to 200 m thick. The poorly 
developed schistosity is parallel to bedding which is indicated by changes 
in colour, texture, grain size,and where it is interbedded with the other 
rock types. The calc-schists are basically made up of calcite, quartz 
and white mica and show detritic and clastic characteristics. They are 
normally very fine grained where quartz grains may be up to 200 microns 
in diametel', but generally less than 50 microns. Lenses of agglomerates 
are conJmon which may be as thick as 50 m. Tuffaceous levels and inter-
bedding with the overlying red-schists towards the top do occur. In 
places the fine bedding is disturbed and concorted, forming structures 
which suggest slumping. They sometimes show agglomeratic textures with 
no apparent fragments of volcanic material (Plate 2,2). 
2.1.2.4 Hed-schists 
The calc-schists grade into this brownish, pinkish, reddish, purplish 
or sometimes greenish very fine grained schistose rock to which Yazgan 
(1972) gives the name "argillite". The average thickness is 50 m. These 
rocks contain less calcite but more fine grained quartz than the calc-
schists, with a lot of iron-oxides, mainly hematite. The schistosity 
whicJ, has developed parallel to the bedding is mainly due to the alignment 
ln pl<tces cltloriLf!, prc·hnile, pumpr~llyitc and some 
epidote III<~Y I1P L11e otiH!l. importanl. minel'al pli;u-;es. The reddish colour 
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Plate 2.~ : Calc-::;chist-red-schist transition wi t h fragment s 
and angular blocks of calc-schist within the ove:rlying red-
schist. 
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of the ruck is due to the presence of iron-oxides and the greenish colour 
to chlorite, so tlm t alternating reddish colours with greenish levels may 
occur. Where very fine grained qu,.-:trtz (< 10 microns) and iron-oxides 
dotn.iJtaLe, Ll1e ~ u\~k l'€.::)embles the Fe---fvln rich siliceuu.s hul·i .. :.on.::..; Ot.!CUl'l'ing 
within the overlying volcanics. 
The r·erJ-schi~·;ts are banded with well sorted detri tic material and 
the IJands may be as thin as 10-15 microns. They contain thin tuffaceous 
lenses with occasional clinopyroxene grains. The slump structures seen 
.in the calc-schists are also present in the red-schists. 
~.1.2.5 Agglomerates 
The agglomerates in the mapped area form a continuous horizon of 
variable thickness (20-50 m) over the red-schists. They are dominantly 
made up of fragments of volcanic material which are very similar to the 
overlying lava flows. The fragments reach sizes 30-40 em in diameter 
and are cemented by a hematitic and calcitic matrix. Devitrified glassy 
materials, chlorite, albite and in some cases clinopyroxene and pumpellyite, 
are common constituents. 
Immedi.ately to the north of the field, agglomeratic levels cover 
large areas and Yazgan (1972) recognises three types on the basis of 
average grctin size: a) Agglomerates, fragment size )64 mm, b) Lapilli-
stone, size )2 mm and c) Tuff, where grain size is less than 2 mm. 
J.l.~,6 Volcanics 
These rocks are dark green coloured, fine grained and invariably 
aphyric lavas covering most of the mapped area. They are in two forms: 
a) Pillow lavas: This form, indicating the sub-marine origin of the 
volcanism in the area, is common in the NE half of the mapped field. They 
are round on the !.er Tepesi , to the south of' Pirik Tepefii and along t.he 
valleys or the st1·eams, Hasenak Deresi, Seyhomer IJeresi and around 
Kirbiztasi Deresi. The size oJ the pillows is variable and may be up to 
2m in diameter along the Hasenak Deresi. The margins a r·e commmlly 
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chloritised and the space between the pillows is commonly filled with red 
siliceous or muddy sediments (Plates 2.3 and 2.4). 
b) Lava flows: This is the dominant form of the volcanics, but the 
recognition of individual flows is difficult. However, in many places 
discrete or· relatively continuous thin bands or horizons of Fe-1\ln rich 
cherty or muddy sediments occur within the lava pile, indicating a 
continued volcanic activity and representing the relatively quite periods 
during which they were deposited. 
The volcanics are amygdoidal and the diameter of the amygdales 
rarely reaches l em. They are filled with secondary minerals such as 
quartz, chlorite, calcite, prehnite, pumpellyite, epidote and 
occasionally pyrite. 
In general, it is difficult to differentiate the basic, intermediate 
and acid volcanics into mappable units in the field. This is a resul··: of 
relative scarcity of the acid extrusives and difficulty of separating 
basic and intermediate lavas created by secondary alteration and to some 
extent by extensive faulting. Therefore; no i'lttempt was made to map the 
volcanics as various magmatic products, and their subdivision is discussed 
in Chapte1· four, on chemical grounds. 
The volcanics are dominantly composed of plagioclase, clinopyroxene, 
amphibole, chlorite, quartz and calcite in varying proportions. The 
minor mineral phases include epidote, prehnite, pumpellyite, opaques, 
pyrite, sphene and small amounts of hematite. These minerals and their 
relat1ons are discussed in Chapter six. Although the rocks are altered 
with the development of typically metamorphic minerals, it appears that 
clinopyroxene is an igneous relict phase and the textures exhibited by 
plagioclase grains, despite extensive alteration, ar·e primary. The 
clinopyroxalE' does not occur in some lavas while it ic-; abundant in others 
and Lhe cl inopyr·oxene poor lavas are re-latively richer in all>itised 
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Plate 2.3 : Large pillow lavas at Hasenak Deresi . The pillow 
pointed a·t is overturned. 
Plate 2.4 : Pi llow lavas at Hasenak Deresi, located above the banded 
massive sul p h i des with muddy and cherty brown- red sediments filling 
the interstices. 
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plagioclases. Thus it is possible to separate the volcanics into 2 
categories: a) those containing relatively abundant clinopyroxene 
() 1-2%) and b) those lacking clinopyroxene but containing abundant 
plagioclase (crudely) 30'7o). This crude division corresponds to the 
chemical division between the basalts and andesites as discussed in 
Chapter four, section 4.2.2. 
2.1.2.7 Hypabyssal rocks 
These medium to coarse grained intrusive rocks occur within the 
volcanics in the west and south-west of the mapped area as scattered 
bodies. They show clear chilled margins against the volcanics. Yazgan 
(1972) considers them to be laccolithic in form. On the basis of 
mineralogy two types can be recognised: 
a) Basic hypabyssal rocks: These are mainly composed of albitised 
plagioclase, clinopyroxene and amphibole and less importantly, chlorite 
and opaques (mainly magnetite and ilmenite). Minor phases include epidote, 
sphene and quartz. The grain size is generally around or less than 5 mm 
but occasional plagioclase grains may be up to 1 em across. Yazgan (1972) 
describes them as gabbros. 
b) Acid hypabyssal rocks: These rocks are dominantly made up of 
coarse plagioclase, up to l em in diameter, with quartz. Chlorite, epidote, 
opaques and occasional amphibole grains are the minor phases. Yazgan (op 
cit) designates the term "syenites" to these rocks. 
2.1.2.8 Fe-Mn rich siliceous sediments 
These thin horizons are only found within the extrusives in the NE 
half of the mapped area and are apparently common further to the north 
(Yazgan, 1972). In general they form discontinuous and scattered bands 
less than 1 m thick; however, in the NE corner of the studied area, they 
are relatively continuous and may reach thickness up to 10 m. They are 
normally extremely fine grained, but in rare cases may be sandy. The 
colour varies from reddish to light-brown to dark brown or black. The 
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reddish colour is due to extremely fine grained hematite dust or 
particles spread into a silica rich matrix and the dark coloured material 
is rich in Mn-oxides which becomes black on weathering. 
The reddish typ0t; are a.Gsociatcd ?Ji t.h the sulphide min~ralisat:lon 
or occur in the vicinity of it and may contain some disseminated or thin 
lenses of sulphide minerals. The dark or black coloured types occur 
normally away from the mineralisation and are free of sulphides. This 
feature may possibly be used as a guide to unexposed sulphide occurrences. 
The dark coloured type is especially well banded in millimeter 
scale, exhibited by alternating lighter and darker shades of parallel 
stratification. 
To the NW of the Megalisor Tepesi, there is an exposure of roughly 
100 m x 200 m dimensions which iA composed almost totally of a hematitic 
and very porous material. :~~ ~ontnins no sulphides and possibly represents 
an oxidised pyritic body. How·:wer, its relevance to the Fe-Mn rich 
sediments or to the mineralisation is not understood and further work is 
necessary. 
2.1.2.9 Sulphide mineralisation 
The sulphide mineralisation is exclusively within the volcanic 
rocks and mostly occurs in the NW half of the mapped area. There are 
extensive limonitic zones, marked on Map l,(Fig.2.1). The mineralisation was 
exploited to a limited extent, probably by the Armenians at the end of 
the last century. Limited amounts have also been mined by a small 
company in the last few decades with crude and primitive methods, 
3 types of sulphide mineralisation are recognised in the field: 
1) Stockwork mineralisation: This type is basically a fracture and 
less commonly fault filling pyritic mineralisation accompanied by 
silicification and to a lesser extent chloritisation. Disseminated or 
semi-massive forms in a siliceous matrix are typical. There is also a 
certain amount of replacement of the host volcanics by pyrite and quartz. 
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This type of mineralisation is typically seen on the Serbani Sirti and 
along the Serbani streamp and is responsible for the relatively extensive 
limonitisation there. 
2) Massiv.c sulphide kllinorcal:!..uation: '!'here <:;J:'<Fo 5 d:Uf~:;:·Ant J_ocali t:.i.es 
where massive ore exposures are found in the area, see Fig.2.1.At each 
locality, the massive ore had been exposed by small scale excavations, 
however, only at localities 1 and 2 was the writer able to observe the 
mineralisation and collect samples in situ. At the other localities the 
exposures were buried by scree and debris and the samples were collected 
from loose fragmentary ore material. 
Locality 1 (Hasenak Deresi): The massive ore overlies a weakly 
developed stockwork type mineralisation. The thickness varies from 0.3 
to 1.5 m and, due to faulting, the lateral extent is unknown but is at 
least 50 m long. The mineralisation, broken and displaced by faulting 
in a number of places, is intimately associated, mixed and overlain by a 
red siliceous sedimentary horizon of similar thickness. 
Locality 2: The massive ore occurs stratigraphically at the top of 
the stockwork mineralisation at Serbani Sirti and to the north of the 
Serbani stream. Similar to locality 1, it is associated with a red cherty 
sedimentary horizon. The thickness of the massive ore is around 1 m. It 
is separated from the overlying lavas by a fault. 
The following features of the massive ores can be generalised: 
a) The massive ore is a compact fine grain material, composed 
dominantly of pyrite, chalcopyrite and sphalerite. The individual grains 
are normally around or below 0.5 mm in diameter. 
b) They are associated and overlain by the red hematitic cherty 
bands and occur towards and at the top of the stockwork mineralisation. 
The transition from the pyriticstockwork mineralisation is gradational 
through an increase in the sulphide/gangue ratio and Cu and Zn content. 
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c) In most cases they show strong mineralogical banding where 
pyrite- or chalcopyrite- or sphalerite-rich bands may be up to 1 em thick 
(Plates 2.5 and 2.6). The bands are sometimes disturbed~ concorted or 
churned around larger &.:ad probably wo.r·e compact fragwe:ots of ~i thel' cherty 
sediments or other gangue materials. 
d) The volcanics stratigraphically above the massive ore horizons 
are generally not mineralised while those below i.e. where stockwork 
mineralisatlon typically occurs, are more extensively altered, silicified, 
kaolinised and chloritised. 
3) Stratified disseminated sulphide mineralisation: This type is 
typically seen on the western flank of the Gelipolan stream and around 
Cuticalli Tepesi, where they form two horizons, up to 10 m thick, 
parallel to the general bedding. The mineralogy is generally one of 
disseminated pyrite, with grains around or less than 1 mm, which is 
accompanied by silicified volcanics. This type also forms thin and 
discontinuous lenses in various places. Around Catiole Tepesi, the levels 
are underlain by stockwork type mineralisation and contain small amounts 
of chalcopyrite and sphalerite, showing mineralogical banding. There, 
the mineralisation is spacially associated with discrete and thin red 
cherty sedimentary lenses. This type is considered to be a transitional 
form of the other two types. 
2.1.3 Structural geology 
Despite the relatively simple stratigraphy, the area possesses some 
structural complexity. The presence of the thrust plane between the 
Palaeozoic basement rocks and the overlying Upper Cretaceous-Eocene 
rocks is accepted by all the previous workers (Buyukyanbolu, 1969; Yazgan, 
1969,72). The extent of the movement along the thrust plane is unknown. 
There are numerous major and minor faults in the area generally 
running in E-W and NEE-SWW directions. The rocks on the steep slopes of 
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Plate 2. 5 : Coarse mineralogical band:Lng in the Polusagi massive 
sulphides . Grey- dark- grey bands are sphalerite rich, lighter 
bands are pyrite- chalcopyrite rich and black i s gangue. Sample 
: P72B, field width = 37mm. 
Plate 2.6 Same as above. Sample P211B, field width = 37mm. 
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the valleys of the Gelipolan and Maden streams are considerably displaced 
by landslides which make it difficult to take reliable dip or strike 
measurements. Nevertheless, the sedimentary rocks above the thrust plane, 
thE' Fe=Mn rich siliceous sedi~nts l:Vi thin the vo],eanics n.nd ra:r~Mly the 
pillow lavas, do allow certain structural measurements and these are 
marked on Map 1 and used to construct the cross-sections included in the 
back-pocket (Cross-sections 1). Although the dip and strike values show 
some variations, the rocks are broadly tilted towards NE with dips varying 
0 in the range 20-45 • There is no apparent large scale folding. 
The major structural problem concerning the area was introduced by 
Yazgan (1969, 72) whO"'·states that the rock sequence above the thrust plane 
is overturned. Probably the most serious criteria he uses is the over-
turned position of some of the pillow lavas in the area (Plate 2.3). 
However, the pillow lava occurrences within the mapped area and to the 
north are generally disturbed, probably due to sub-marine slumping or 
tectonic movements so that it is possible to recognise overturned and 
upright positioned pillows within the same exposure. Some exposures 
indicate widely variable dip and strike values for the pillows. These 
features suggest that the structural measurements obtained from the pillow-
lavas should be treated with caution, and even if some pillows are over-
turned they represent local disturbances. Furthermore, some rare graded 
bedding structures in the ophiolitic sediments imply an upright position. 
Therefore, it is thought that the rocks in the mapped area are the right 
way up. However, the detailed structural features and their implications 
for the full evaluation of the extent of the sulphide mineralisation in 
the area remain in need of further work. 
2.1.4 Summary and conclusions 
An idealised stratigraphic section of the rocks and mineralisation 
in the area is presented in Fig.2.2. 
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It is apparent from the pillow lavas and conformable and 
gradational features that the younger rock sequence above the thrust 
plane is produced as a result of sub-marine volcanism and associated 
sedimentation. Considering that these rocks belong to an ophiolitic 
sequence 1 the lack of sheeted dykes and the ultrabasic rocks and the 
presence of volcanogenic sedimentary rocks suggest that the sequence 
represents the~uppermost levels of a fully developed ophiolitic section. 
If it is accepted that ophiolites represent obducted oceanic crust, then 
the rocks belong to the layer 1 and probably the uppe~most levels of 
Layer 2 of a typical oceanic crust (see Chapter five, section 5.1). 
2.2 The Canakci area 
2.2.1 Introduction 
The first notable geological work in this area was started by the 
MTA in 1976 and included geophysical prospecting and geological mapping. 
Two drilling projects were carried out, CKl in 1977 (140 m) and CK2 in 
1978 (197 m) to explore the~sulphide mineralisation. 
The area was visited in September 1978 for two weeks by the writer 
2 
and a geological map with a 1:5000 scale and covering an area of 12 km 
was completed (Map 2, back-pocket; Fig.2.3). The highest altitudes are in the NE 
corner of the area reaching heights around 2400 m and altitudes above 
2000 m are common. The lowest altitude (1600 m) is to the north of the 
area in the Dumkasik Deresi (stream) valley. The Sey Deresi, Rutan 
Deresi and Marz Deresi form the tributaries of the minor stream, the 
Dumkasik Deresi, which joins the Euphrates 10 km to the north. Plate 
2.7 shows a general view of the area. 
2.2.2 Stratigraphy and the rock types 
Similar to the rocks in the Polusagi area, the rocks belong to two 
distinct ages: the Palaeozoic crystalline basement rocks and the younger 
and probably Upper Cretaceous-Eocene volcanogenic sediments. Although 
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volcanic rocks (pillow lavas) are reported to occur 4 km to the north 
of the area overlying the volcanogenic sediments (Karslioglu, 1976) they 
are not present in the mapped area. The rock types in the mapped area, 
fx·uiJi top to bottowP ars as follows: 
l) Agglomerates 
2) Calc-schists ancl red-schists 
3) Limestone 
4) Breccia-conglomerate 
5) Crystalline basement rocks 
This sequence of the rocks in the area are demonstrated in Fig.2.4. 
2.2.2.1 Metamorphic rocks of Palaeozoic basement 
There are two different rock types in the crystalline basement: 
quartzites and mica-schists. The quartzites are fine to medium grained 
with little micaceous minerals. The mica-schists with well developed 
schistosity are very similar to those occurring in the Polusagi area, 
containing mainly quartzp plagioclase, biotite, white mica and garnet. 
Presence of carbonecous bands in the mica-schists, similarly indicate a 
sedimentary origin. 
2.2.2.2 Breccia-Conglomerate 
This unit unconformably overlies the basement rocks. Although 
well rounded pebbles in a sandy matrix locally occur (conglomerate 
component), it is mainly composed of angular and unsorted fragments of 
the underlying basement rocks cemented by a calcitic sandy matr~. Locally 
the matrix may be rich in iron-oxides. The thickness is normally around 
2-3 m but it may be absent or very poorly developed, for instance in the 
SW corner of the mapped area. The occurrence of a thrust plane marked 
by this unit is possible. 
2.2.2.3 Limestone 
This is a thin, up to 10 m thick, and non-fossiliferous reddish 
18.0 
3 
11.0.0 
CK-1 
1770 m 
-32-
---- Agglomeraie 
---
-------
---
---
--
--
Calc-schist 
----
----
----
--Red-schist 
?----------------
? Red limestone 
·--
--
--
--
? ·-·--Breccia-Conglomerate 
·--
·:-:--
U n c 'o-n-t·--. 
o r rn::---..- • :..--
' t . 
Palaeozoic Quartzite y 
--I 
-........ 
-
-
-
CK-2 
1880m 
0 
0 0 
0 
0 0 
0 
" "' 
-----
f-
0 0 
13 
t-i- .!lr 1-
I 
I r 
l 
I I 
I 
I T 
I 
I I 
r 
I T 
T 
I T 
4AA 
•• 
4 o• 
0 A 0 
.t,OA 
A 
A A 
A 
6. A 
- A 
·::m:nm 
: :·.: ~ ~ '::::· 
29.5 
57.0 
63.9 
91.0 
1 36.2 
157.5 
172.0 
196.7 
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by drill-core logs of the boreholes CK-1 and CK-2. 
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limestone overlying the breccia-conglomerate, or where this is missing, 
the basement rocks, In places, it gets sandy at the lower parts and may 
grade into the breccia-conglomerate. 
<!.2.2.4 Calc-schists ai.ld red-tschists 
These rock types ara not saparated due to frequent interbedding. 
As a whole the thickness is up to 150 m and in every aspect they resemble 
their counterparts occurring in the Polusagi area. However, in this area 
they contain discontinuous lenses of nummilitic whitish-grey limestones, 
sometimes reaching thicknesses around 3 m, and extending for 100 s of 
meters. 
2.2.2.5 Agglomerates 
These rocks occur in two forms: a) coarse grained agglomerates 
which are very similar to those of the Polusagi area and b) finer grained 
agglomerates, similar to the lappillistone of Yazgan (1972) which he 
reports occurs outside the mapped area in Polusagi. The "lappillistone" 
type agglomerate is the dominant form in the Canakci area. They are 
extremely variable in composition and texture and generally are non-
descript, with a lot of calcite, iron oxides and sometimes with 
devitrified glassy grains. Some contain fragments or even thin lenses 
of lavas, or crystals of clinopyroxene. Certain samples may have 
phenocrystic plagioclases which are almost totally pseudomorphed by 
calcite and/or chlorite. Epidote, prehnite, pumpellyite and amphibole 
do occur but not commonly. The agglomerates locally contain thin red-
schist lenses. 
2.2,2.6 Serpentinite 
A zone of shattered serpentinite, 50 to 100 m wide and over 1 km 
long and lying roughly NE-SW direction is found within the calc-schists. 
The serpentinite is fragmentary and contains occasional fragments or 
blocks, up to 50 em across, of massive chromitites. 
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2.2.2.7 Sulphide mineralisation 
The sulphide mineralisation is confined to a certain level within 
the calc-schists + red-schists immediately below the agglomerates. It 
shows two forms: 
a) Massive sulphides: These ores are found only at Locality 1 (Fig.2,3 or 
2 Map 2) where it occurs in an exposure covering roughly an area of lOOm • 
The ore is compact, fine grained and composed mainly of pyrite with some 
bornite, showing faint banding with the alignment of slightly coarser 
pyrite grains in a finer grained matrix. The ore body is well fractured 
and may be fault bound. The abrupt contact with the schists and the 
faulting suggests that the body may have been tectonically displaced. 
b) Disseminated pyrite mineralisation: This type occurs along the 
mineralised level, which is parallel to the general bedding in the area, 
with much variation in the amount of pyrite. At locality 2 it takes a 
semi-massive form where the schists are extensively silicified. The 
faults related to the mineralisation suggest that it was tectonically 
moved up. Only occasionally is the pyritic mineralisation accompanied by 
chalcopyrite. 
2.2.3 Structural geology 
The calc-schists, red-schists and such sedimentary lenses within 
the agglomerates are useful for structural measurements. The general 
... 0 0 
dip in the area varies mostly from 20 to 40 towards the north and the 
north-east. Such structural measurements do not indicate any large scale 
folding, despite considerable variation. The cross-sections in the back-
pocket (Cross-sections 2) illustrate the general trends of the rocks. 
The tectonic activity is indicated by faultingP especially where 
the sulphide exposures occur, and by the presence of shattered 
serpentinite within the schists, 
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2.2.4 Summary and conclusions 
The rock types, lithology, stratigraphic sequence and the ages of 
the rock types in the Canakci area are evidently very similar to the 
equivalent rock types in the Polusagi area. By analogy, it is concluded 
that the younger volcano-sedimentary rock series in Canakci was formed 
in a submarine environment and probably represent the uppermost section 
of an ophiolitic sequence. 
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CHAPTER THREE 
ELEMENT MOBILITY IN THE POLUSAGI ROCKS 
3.1 Intr:Jduction 
The classification of volcanic rocks into major magma types or various 
differentiation products conventionally requires an examination of the 
original igneous mineralogy and petrography. This is valid for those 
rocks which are fresh or slightly altered where the original igneous 
mineralogy can still be satisfactorily established. However, for those 
rocks where igneous mineralogy cannot be determined, rock chemistry must 
be the principal basis for classification. In recent years, chemical 
classification of common volcanic and associated rocks has gained 
importance partly due to the emergence of very large numbers of chemical 
analyses and partly to its usefulness for the altered rocks. Such 
chemical classification schemes employ major and trace element 
concentrations and their ratios as well as normative mineralogy and 
parameters (e.g. Thornton and Tuttle, 1960; Middlemost, 1972, 75, 80; 
Irvine and Baragar, 1971; Winchester and Floyd, 1977; Floyd and 
Winchester, 1978). But, if the rocks are altered, many elements become 
mobile and their concentrations deviate considerably from the original 
igneous values. Thus, it is of great importance to try to determine 
the extent and degree of element mobility in such rocks. 
The Polusagi volcanics and associated hypabyssal rocks are altered 
to various degrees. Metamorphism and metamorphic changes are discussed 
in Chapter six. In summary, the rocks are metamorphosed to prehnite-
pumpellyite and greenschist facies with the development of albite, 
chlorite, actinolite, epidote, prehnite, pumpellyite, quartz, calcite 
and sphene as the metamorphic minerals while igneous clinopyroxene 
survives as a relict and unstable phase. Some igneous textures, 
especially of plagioclase, are largely retained. It has been well 
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established that under such conditions many major and trace elements 
are mobilised. Therefore in this chapter the extent and degree of 
element mobility in the Polusagi rocks will be determined and an 
appropriate chemical classification will be attempted in the next chapter. 
A brief review of the general problems of element mobility is 
presented below, before considering the particular case of the Polusagi 
suite. 
3,2 Element mobility under alteration processes 
Several types of alteration processes may operate simmultaneously 
and independently to cause element mobility and change in rock chemistry 
and it may be difficult to isolate particular stages and patterns, but 
three main processes are recognised by Pearce (1975, 76): 
1) Sub-aerial weathering 
2) Spilitisation or metamorphism 
3) Sub-marine weathering 
The study of chemical changes imposed upon the fresh rocks during 
alteration by the above major processes is generally based on one of the 
following procedures: 
a) Comparison of fresh rocks with their metamorphosed and altered 
counterparts (e.g. Cann, 1969, and Vallance, 1974 a). 
b) Where fresh rocks are not available, comparison between the 
inner and outer parts of the altered pillow-lavas or rock fragments, 
assuming that the alteration in the inner parts is less severe (e.g. 
Smith, 1968; Hart, 1969 ; Matthews, 1971; Coish, 1977; Humphris and 
Thompson, 1978 a,b), 
c) Study of natural sub-marine geothermal systems (e.g. Reykjanes 
geothermal system; Tomasson and Kristmannsdottir, 1972). 
d) Experimental work (e.g. Mottl and Holland, 1978, 79; Seyfried 
and Bischoff, 1979, 81). 
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Sub-aerial weathering typically involves leaching of elements such 
as Ca, Na, K, Mg and to a lesser extent Si; whilst total Fe, Ti and Al 
tend to remain fixed, taking into account the apparent increase in 
relative proportions due to leaching of other elements (e.g. Lisitsyana, 
1968; Krauskopf, 1979, pp.80~82). 
The status and significance of "spilites" and "spilitisation" are 
matters of dispute. The problems are extensively discussed and reviewed 
by Amstutz (1967, 74) and Vallance (1960, 65, 69) and it is outside the 
scope of this study to go into details. Briefly, spilites are rocks of 
widely variable mineralogical and chemical composition. The main minerals 
are albite, chlorite, epidote, calcite and iron oxides, sometimes with 
abundant pyroxene. Actinolite, prehnite and pumpellyite are not 
uncommon and small granules of sphene are almost ubiquitous. They have 
many characteristics allying them with tholeiitic basalts and dolerites 
from ocean floors (Cann, 1969) and geosynclinal sequences (Smith, 1969). 
They are normally found as pillow-lavas in sub-marine geosynclinal 
environments and sometimes recognised by this association (e.g. Turner 
and Verhoogen, 1960; Hatchet al, 1972). Although very similar to 
3+ tholeiitic basalts, spilites have higher contents of H2o, Na, Fe and 
lower K (Battey, 1974). However, major differences are not chemical but 
mineralogical. Like basalts, spilites are basic but the feldspar is 
albite and the ferro-magnesian mineral is chlorite. 
It is apparent from the above referred reviews that there are two 
major theories for the origin of spilites: 
1) Spilites are of igneous origin. The igneous textures exhibited 
by albite are of prime importance. The association of albite+chlorite 
can be formed by magmatic solutions enriched in H2o, Na and often C02 • 
2) Spilites are perfectly ordinary basalts altered by post-
magmatic processes such as low grade metamorphism and hydrothermal 
alteration. The peculiar chemistry and mineralogy are secondary features, 
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and no contemporary spilitic melts are known. 
Following the studies of dredged rock samples from the ocean-floors, 
the second theory has now gained much acceptance (Smith, 1968, 74; Cann, 
Battey, 1974; Coombs, 1974; Shilov, 1974; Vaugnat, 1974; Floyd, 1976; 
Whitehead and Goodfellow, 1978; Offler et al, 1980). cann (1969) defined 
the spilites as "rocks of basaltic texture in which greenschist facies 
mineralogy is completely or almost completely developed", while Coombs 
(1974) ascribed the spilites "occasionally" to zeolite facies and "more 
commonly" to prehnite-pumpellyite and greenschist facies metamorphism. 
Spilitisation may be due to burial, regional or hydrothermal metamorphic 
events. 
Element mobility and bulk chemical changes during spilitisation of 
igneous rocks are now well established. The above cited literature shows 
that spilitisation involves take up of a large amount of water, increase 
in Mg and decrease in Ca. Release of Ca seems to be balanced by the gain 
in Mg (Mottl and Holland, 1978; Seyfried and Bischoff, 1981). 
Although Si, total Fe, Na and K may become mobile during spilitisation, 
there does not seem to be an agreement on the direction and extent of 
mobility. Under such alteration conditions Si can be taken up (Cann, 1969) 
or lost (Wood et al, 1976; Vallance, 1974a); total Fe can increase (Cann, 
1969; Vallance, 1974a; Coish, 1977) or slightly decrease (Matthews, 1971) 
or the change may not be significant (Wood et al, 1976). Similarly, Na 
and K can be enriched, depleted or changes can be unsystematic. 
Vallance (1974a), studying the degradation of a tholeiitic flow into 
spilite in a Deccan flow laid down under shallow water conditions in 
India, reports that the initial decrease in the alkali content was 
followed by an increase in alkali content downward in the section i.e. 
increasing grade of metamorphism. Cann (1969), comparing the fresh and 
spilitised rocks dredged from Carlsberg ridge, reports no significant 
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change in K content with spilitisation. 
Al generally shows less mobility than the above discussed components. 
It has been shown to be stable (Smith, 1968; Wood et al, 1969; Matthews, 
1971; Coish, l9'i7) or to decrease to some exteut (Cann, 1969; Vallance, 
1974a) with alteration. 
Although Ti; P and Mn have been reported to change randomly during 
spilitisation (Smith, 1968), these three elements, particularly Ti, are 
usually thought to be quite immobile (Cann, 1969; Wood et al, 1976; 
Matthews, 1971; Vallance, l974a; Floyd, 1976; Coish, 1977). 
The picture f~r the mobility of trace elements under low grade 
metamorphism is somewhat different, since some of them appear to be 
extremely resistant and insensitive to alteration. Zr, Y and Nb are such 
immobile elements (Cann, 1970; Pearce and Cann, 1971; Hart et al, 1974; 
Smith and Smith, 1976; Wood et ar; 1976; Coish, 1977; Humphris and 
Thompson, 1978 b). Although some slight variations in Ni and Cr 
concentrations have been reported by Floyd (1976), they are generally 
considered to be stable in the altered rocks (Cann, 1969; Hart et al, 
1974; Coish, 1977; Humphris and Thompson, 1978 b). Finlow-Bates and 
Stumpfl (1981) studied the behaviour of "immobile" elements such as Zr, 
Ti, Y, Nb, Ce and Cr in hydrothermally altered rocks associated with 
volcanogenic-exhalative ore deposits. They report that under intense 
hydrothermal alteration and sulphidation, Y and particularly Nb and Cr 
may be mobile and prone to extraction. This apparently is not so for 
Zr and Ti and to some extent Ce which remain immobile. 
The behaviour of Sr is unsystematic, but generally falls in 
sympathy with Ca (Cann, 1969; Vallance, 1974a). It has been shown to be 
fairly stable in uncarbonated rocks, below greenschist facies 
metamorphism (Pearce and Cann, 1973), and to decrease together with Ca 
during spilitisation (Floyd, 1976). Smith and Smith (1976) found that 
Sr concentrations varied according to the mineralogical domains in a 
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single basaltic flow, the Clifden outcrop: Sr increased with increasing 
Ca in epidotised domains when compared with Sr in albitised basalt, while 
it generally decreased as Ca increased in the prehnite and pumpellyite 
rich domains. 
Ba and Rb can become mobile during spilitisation. Ba can increase 
(Vallance, 1974a; Hart et al, 1974), decrease (Floyd, 1976) or changes can 
be irregular (Hart, l969a; Coish, 1977). Rb, although reported to have 
been lost during spilitisation (Floyd, 1976), generally increases with 
progressive alteration (Wood et al, 1969; Hart, 1969 
Hart et al, 1974). 
; Cann, 1970 ; 
Cu and Zn are known to be mobile (Hart et al, 1974) and leached out 
of the spilitised rocks (Floyd, 1976). 
Element mobility during sub-marine weathering is generally very 
similar to that of spilitisation with one major difference: the iron 
oxidation ratio, Fe2o3/Fe0, is not effectively changed during 
spilitisation while it is substantially increased during sub-marine 
weathering (Floyd, 1976). 
The above discussed behaviour of elements during various alteration 
processes is summarized in Table 3.1. It is apparent that many of the 
mobilised elements do not show systematic enrichment or depletion during 
alteration. This may be due to the nature of the process or processes 
involved as well as other factors, since the alterat1on of rocks is a 
complex and continuous process. Some important factors are considered 
below: 
l) Degree of crystallinity and texture of the rocks: Chemical 
variations between the selvages and the cores of metamorphosed pillow-
lavas are considered to be largely due tD the differences in textures and 
crystallinity (Vallance, 1965; Coish, 1977), selvages having a larger 
content of glassy material and suffering greater alteration. Original 
difference in crystallinity and texture lead to different metamorphic 
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TABLE 3.1 
Mobility of elements as inflicted by main alteration processes 
1) Spilitisation-low grade metamorphism: 
Highly mobile 
Mobile 
Slightly mobile 
Immobile 
Highly immobile 
2) Sub-marin.: weathering: 
Highly nobile 
Mobile 
Slightly mobile 
Immobile 
3) Sub aerial weathering: 
Highly mobile 
1\lubile 
Immobile 
+ means gain 
- means loss 
= 
= 
= 
= 
= 
-
= 
= 
= 
= 
= 
+H20 0 +Mg,-Ca 
Si, total Fe, Na, K 
' 
Rb, Ba, Sr, 
Al 
Mn, P, Fe2o3/Fe0, Cr, Ni 
Ti, Zr, Y, Nb, Ce 
+H20, +Mg, -CaO, K, + Fe20 3/Fe0 
Si, total Fe, Na, Mn, s 
Al, p 
Ti, Zr, Y, Nb 
+H
2
0, -fl'lg, -Ca, -Na, -K 
- Si 
Ti, Al, total Fe 
Cu, Zn 
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mineral assemblages. Cann (l969)P working on the metamorphosed 
(spilitised) pillow lavas from Carlsberg ridge, found that originally 
holocrystalline cores now consist of an albite-chlorite-augite-sphene 
greenschist metamorphic assemblage strongly contrasted ttith originally 
glassy and cryptocrystalline margins which now consist principally of 
chlorite. He attributed this to original differences in the basaltic 
mineralogy and texture. Experiments show that degree of crystallinity 
affects the rate of chemical exchange of basalts with sea-water (Seyfried 
and Bischoff, 1979); for example Ca is lost from the basalts much more 
readily if the basalt is poorly crystalline (Mottl and Holland, 1978). 
2) Physical conditions of alteration: Metamorphic conditions, chiefly 
temperature and water/rock ratio during hydrothermal alteration,seem to 
affect the rate and direction of mobility of elements. Experiments 
0 
suggest that at high temperatures (~200 C) K passes from basalt to sea-
water and Mg does the opposite, while studies of ocean-floor basalt 
alteration indicate that the reverse is true at lower temperatures 
(Seyfried and Bischoff, 1979). These authors found that Na and K passed 
0 from rock to sea-water at 150 c, but went in the opposite direction at 
70°C during their experiments with a water/rock ratio of 10. Mottl and 
Holland (1978) report from their experimental work that, like Ca, K is 
0 
removed from basalt during interactionwith sea-water at 200-500 c, but 
unlike Ca, K shows no clear pattern due to crystallinity of basalt. 
Instead, the water/rock ratio of experiments exerted a strong control 
over the loss of K from basalt at the same temperature, the extent of K 
loss being proportional to the water/rock ratio. 
3.3 Element mobility in the Polusagi rocks 
3.3.1 Introduction 
Details of the samples collected from the Polusagi area, precedure 
of sampling and the numbering system are given in Appendix I. H20 and 
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Fe2o3/Fe0 ratios, determined for 34 samples (32 volcanics and 2 
hypabyssal rocks) by wet chemical methods, are included in Appendix II. 
Bulk chemical analyses for 117 volcanic and 12 hypabyssal rock samples 
were carried out for Si02 , Al2o3 , total Fe (as Fe2o3 ), MgO, CaO, Na2o, 
K2o, Ti02 , MnO, Sand P2o5 and trace elements Nb, Zr, Y, Sr, La, Ce, Rb, 
Ba, Zn, Cu, Ni and Cr by XRF. The analytical conditions, analyses and 
normative calculations are presented in Appendix III. 
As there are no fresh samples amongst the Polusagi rocks and the 
H20 and co2 contents are unlikely to be present in original igneous 
abundances in altered rocks (Irvine and Baragar, 1971), an attempt to 
minimise the effect of alteration was made by normalising all the 
chemical analyses to lOoro on a volatile free basis. It has also been 
recognised that oxidation of rocks during alteration will cause Fe203/Fe0 
ratio to deviate considerably from original igneous values (Irvine and 
Baragar, 1971) and in the case of sub-marine oxidation to increase with 
progressive alteration (Floyd, 1976; Humphris and Thompson, 1978 a). 
Various procedures to approximate a reasonable Fe203/Fe0 ratio, which is 
of considerable importance in normative calculat1ons, exist: 
1) wt%Fe 0 = wt%Ti0 + l. 5 
2 3 2 
(Irvine and Baragar, 1971) 
2) Fe203/Fe0total < 0.4 (Cann, 1971) 
1.5 if Na O+K 0<4wt% (Thompson et al, 1972) 
2 2 
However, since the Fe203/Fe0 ratios for some of the Polusagi rocks 
were chemically determined (Appendix II) and they have a minimum ratio 
around 0.3, as well as by comparison with other suites, a constant ratio 
of 0.3 has been assumed in the normative calculations. 
The effects of sub-aerial weathering were reduced to a minimum 
during sample preparations as considerable efforts were made to use 
unweathered material orweronered patches were removed before crushing the 
samples for chemical analyses. Therefore, the possible chemical 
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variations caused by alteration in the rocks are most probably due to 
post-magmatic processes such as metamorphism and sub-marine weathering. 
Mineralogically and chemically the Polusagi volcanics and associated 
hypabyssal rocks can comfortably be described as 'spilites', but as 
apparent from the preceding section, 'spilites' are now generally taken 
as igneous rocks which have undergone a lo~grade metamorphism 
especially under sub-marine conditions. As discussed in detail in 
Chapter six, the mineralogy of the Polusagi rocks is one of low-grade 
metamorphic assemblage and the relict igneous minerals are unstable under 
the metamorphic conditions. Therefore, in this study, a secondary i.e. 
metamorphic origin is advocated for the 'Polusagi spilites'and associated 
rocks for the observed-mineralogical and chemical features. It follows 
that the chemical variations due to alteration must have mainly been caused 
by the later metamorphic events. However, since the determined Fe203/Fe0 
ratios are high (up to 1.56), sub-marine weathering must also have 
contributed, to some extent, to the deviations from original igneous 
values. Distinction between these two alteration processes, especially 
under low-grade metamorphic conditions, is difficult to assess and thus 
'alteration processes' in the following pages will mean both processes. 
Alteration and development of metamorphic phases in the rocks are 
heterogenous (see Chapter six). Some samples are apparently, and when 
examined under the microscope, relatively fresher or more severely 
altered than others. Therefore, amongst the volcanic and hypabyssal 
rocks, 3 groups have been determined, according to the extent and degree 
of alteration: 
l) Group A - This group consists of samples that are least 
affected by alteration and show relatively uniform igneous textures and 
less patchy development of secondary mineralogy. 56 volcanic rock 
samples and all the hypabyssal rocks (12 samples) belong to this group. 
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2) Group B - Those volcanic rocks which are relatively more 
altered are included in this group (35 samples). They generally contain 
more amygdales, filled with secondary minerals, and the igneous textures 
are obscured to a greater extent. 
3) Group C - Comprises the samples from the vicinity of 
mineralisation with high concentrations of sulphides (26 samples). 
Each group contains basalts, andesites and dacites, as defined 
chemically in the next chapter. In the absence of fresh samples the 
best that can be done to determine the element mobility is to inter-
compare the chemical abundances of elements in these groups with the 
likely assumption that the groups, from A to B to c, represent 
progressive stages of alteration. 
3.3.2 Inter-element correlations and element mobility in the volcanics 
3.3.2.1 Introduction 
The elements that are considered to be immobile during low-grade 
alteration processes, such as Zr, Nb, Y, Ce and La, are also incompatible 
elements with high field strengths i.e. high charge/radius ratios 
(Saunders et al, 1980). As a result, they are progressively enriched in 
the residual magmatic liquids irrespective of whether partial melting 
or fractional crystallisation processes are involved, so that their 
abundances should correlate directly with the stages of progressive 
magmatic differentiation (Saunders and Tarney, 1979). The concentrations 
of these elements, therefore, can be used and has been used (e.g. Wood 
et al, 1976; Winchester and Floyd, 1977) as differentiation indices. 
It can be assumed that any rock suite, where chemistry has not been 
changed by secondary alteration processes, will exhibit regular and 
systematic trends of changing element concentrations with progressive 
igneous processes. Thus, in rocks which have undergone low-grade 
alteration any element concentration exhibiting a regular and 
systematic change with the above mentioned 'immobile' elements may be 
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taken as essentially representative of igneous concentrations. A similar 
line of argument is pursued by Wood et al (1976) who studied element 
mobility during zeolite facies metamorphism in the Tertiary basalts of 
Eastern Iceland and by Coish (197'/) who investigated it during the 
ocean floor metamorphism in Betts Cove ophiolite, Newfoundland. 
It is apparent that during progressive alteration, igneous variation 
patterns of immobile element concentrations would be retained and those 
of mobile elements would be lost or in cases where some elements may be 
consistently and progressively enriched or depleted some new secondary 
patterns of element concentrations may develop. One way of studying this 
could be by plotting scatter diagrams of inter-element concentrations and 
observing the changes in the degree of correlation through progressive 
alteration. The process can be simplified by employing correlation 
coefficients rather than numerous diagrams (see Cann, 1970, 71; Narebski, 
1974; Wood et .al, l976;Beddoe-Stephens, 1977). Cann (1970, 71), by 
comparing correlation coefficients of elements in fresh and altered 
basaltsp showed how some elements maintained cohesion during alteration. 
However, correlatiDncoefficients may only be of use where the inter-
element variations are linear. For non-linear variations, they may be 
meaningless. Therefore, before employing such methods in the study of 
inter-element variations, the nature of the relationships must be 
established. 
In this study, the element variations are displayed by plotting 
their concentrations against Zr which also serves as a differentiation 
index for igneous element abundances. The choice of Zr is made by 
considering the following reasons: 
1) Zr is not only immobile under low-grade alteration conditions, 
but also one of the two elements (the other being Ti) that are truly 
immobile under intense alteration conditions (see section 3.2) such as 
hydrothermally altered rocks associated with volcanogenic submarine-
-48-
exhalative ore deposits (Finlo~-Bates and Stumpf!, 1981). 
2) It has commonly been used as such by other ~orkers. 
3) Zr shows the greatest variation amongst the 'immobile' elements 
within the Polusagi rocks (19=627 ppm). 
The element variations for the least altered group of rocks i,e, 
group A are shown in Fig. 5.5 and discussed in detail in Chapter five. 
The trends exhibited by A1203 , total Fe, Ti02 , P2o5 , Cr, Ni and possibly 
MnO are non-linear and therefore, the mobility of these elements will be 
judged by comparing scatter plots, rather than simple coefficients of 
their correlations with the "immobile" elements. 
3.3.2.2 Correlation coefficients 
The degree of correlation between two variables, X and Y, can be 
measured by the so called "correlation coefficient", r, which is defined 
as: 
where x andy are respective means of x andy values and ~x and~y are 
the standard deviations. The correlation coefficient cannot exceed +1 
or be less than ~1, these being values for perfect positive and negative 
correlations respectively. Value of r depends on the number of cases (N) 
employed in the calculation. Since each group of rocks, defined previously, 
contains different numbers of samples, the absolute values of coefficients 
cannot be used for inter-comparison. To compare the degree of 
correlations of any covariance from one group of rocks to another, 
significance levels at 5%, 1%, 0.1% andO.Ol% have been used. For instance, 
if an element A is correlated with an immobile element such as Zr with a 
significance above 0.1% level in group A rocks and below or around 5% 
level in group B rocks, this is taken to represent mobility with 
alteration. At least a jump of two levels is considered significant and 
correlation coefficients which are well below 5% significance level are, 
rather arbitrarily, taken to represent "random" variations. 
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Correlation matrices for the groups A, B and C have been 
calculated and are presented in Table 3.2, together with different levels 
at which the coefficients may be significant. Examination of the matrices 
demonstTatGG the fcllO\Jing JPOints: 
a) Zr, Nb, Y, La and Ce, as a group, show extremely high positive 
correlations, each with the other, with significances always well above 
0.01% level in group A rocks. Similarly significant positive correlations 
are maintained in groups B and C, except that La and Ce are poorly 
correlated with Zr and Y in group B rocks. The poor correlations are 
unexpected as the same element pairs are correlated with one another 
highly significantly in group C rocks which were assumed to represent a 
later stage of alteration than group B rocks. Inspection of the likely 
causes of this unexpected observation reveals that out of 35 samples in 
group B, 4 samples (Pll6, Pl23, Pl68 and Pl85A) show consistently the 
highest La and Ce concentrations which are not coupled by equally high Zr 
and Y concentrations. The high La and Ce contents, however, are 
accompanied by relatively high values of Nb and P2o5 . These high values 
cannot be due to extreme differentiation since 3 of the samples are 
clearly basic rocks. Sphene is reported to incorporate La, Ce and Nb 
into its structure (Deer et al, 1962) and is a common accessory mineral 
in the Polusagi rocks. However, microscopic examination shows that the 
amount of sphene present in these 4 samples is not particularly 
different from the other rocks. Apatite is another phase reported to 
incorporate La and Ce into its structure by the last mentioned authors, and 
although apatite is not identified in the rocks, this possibility is 
supported by high P concentrations. 
Exclusion of these 4 samples from group B rocks pushes the 
significances of the positive correlations above 5% level for La and above 
0.1% level for Ce against both Zr and Y. 
It can now be concluded that Zr, Nb, Y, La and Ce correlate 
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TABLE 3.2 A 
Correlation matrix for Group A volcanics. No of samples = 56. Significance levels at 
O.Ol%d0.4964, O.l%r-Q.4280, l%dO.J415 and at 5%d0.26J2. 
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TABLE 3.2 B 
Correlation matrix for Group B volcanics. No of samples = 35. Significance levels at 
O.Olo/~.6100, O.lo/~.5322, 1%d0.4296 and at 5%d0.3338 
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TABLE 3.2 C 
Correlation matrix for Group C volcanics. No of samples = 26. Significance levels at 
o.olr~.6888, 0.1%=0.6074, l%d0.4958 and at 5r~.J882 
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positively and very strongly each withtthe other, through the progressive 
alteration in the Polusagi volcanics as a whole. This suggests that the 
abundances of these elements are very little affected by the alteration 
and thus represent original magmatic abundances. In other words, these 5 
elements are immobile elements ... in agreement with their strong resistance 
to alteration reported from other areas. 
These immobile elements provide a means or a criteria through which 
activities of the other elements during alteration can be judged, using 
the correlation coefficients. 
b) In group A volcanic rocks, the immobile elements show consistent 
and very strong correlations with each of the major oxides, Si02 , MgO, 
CaO and Na2o which are always significant above 0.01% level. Equally 
significant correlations also exist amongst these major oxides, each against 
the other. However, such highly significant correlations in group A rocks, 
progressively diminish through groups B and C and in group C rocks non of 
the mentioned major oxides is correlated to any of the 5 immobile elements 
with any significance. Therefore, it is concluded that although the 
concentrations of Si02 , MgO, CaO and Na2o in the least altered rocks are 
not affected to a great extent by the alteration processes, with 
progressive alteration their igneous chemical patterns change and become 
unacceptable for petrogenetic studies. 
c) K2o, s, Sr, Rb, Ba, Zn and Cu do not, in general, show significant 
correlations with the 5 immobile elements. Their correlation coefficients 
were also examined against other immobile elements such as Ti, P, Cr, Ni 
(see below) to eliminate the possibility of non-linear trends in relation 
to the 5 immobile elements. K2o and Rb are significantly correlated with 
Cr and Ni at 1% and 0.1% levels respectively in groups A and B rocks. Zn 
appears to show weakly significant correlation with Nb, Y, La and Ce only 
in group A rocks. There are no other consistent and significant 
-54-
correlations of the examined elements with any of the established 
immobile elements. These observations suggest that, although all of 
these elements have become highly mobilised during alteration K2o, Rb 
and to a certain extent Zn ~re not highly mobile during the early stages, 
represented by group A rocks. 
d) Inspection of the scatter plots of Al2o3 , total Fe (as Fe2o3 ), 
MnO, TiO , P 05 , Cr and Ni for each group of rocks (Fig. 3.1) demonstrates 2 2 . 
that: 
1) Scatter plot of Al is in general quite tight for group 
A rocks which to a lesser extent persists in group B and 
C rocks. This suggests that the alteration processes were 
not particularly affective and Al concentrations are largely 
of igneous quality. 
2) Variation trends of Fe2o3 , Ti02 and P2o5 are remarkably 
tight and go through maxima in group A volcanics. Trends 
of Tia2 and P2o5 persist through progressive alteration, 
but not of Fe2o3 , suggesting that Ti02 and P2o5 should be 
treated as being immobile and insensitive to alteration, 
3) Scatter plots of MnO indicate loss of pattern with 
progressive alteration from a recognisable trend in group 
A rocks, where it is also significantly correlated with the 
5 immobile elements (above ~ level) and particularly with 
Zr and Nb (at 1% level). No significant correlations exist 
with the 5 immobile elements in group B or C rocks. Thus, 
MnO is regarded as relatively immobile in group A rocks, 
but increasingly mobile in group B and C rocks. 
4) Similar considerations, in conjunction with correlation 
coefficients, show that Cr and Ni can be considered as 
essentially immobile in group A and B rocks, but probably 
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mobilised in the sulphidised rocks. This is supported by 
the highly significant correlations between Cr and Ni in 
groups A and B9 but not in group C. 
e) It is interesting that in group A rocks S is correlated with Zn 
at a significance level of 0.1% and with Cu and Ba at l%P indicating that 
it is associated with Cu and Zn sulphides and barite. 
f) Some of the pairs or group of elements that normally become 
highly mobile during alteration seem to have developed .highly significant 
correlations amongst themselves as alteration progressed. This is 
certainly a consequence of the way alteration processes have operated in 
the area and not a magmatic effect. 
Although K, Rb and Ba are highly mobile, they maintain and develop 
highly significant positive correlations amongst themselves, especially 
the pairs K-Rb and K-Ba, with progressive alteration. This indicates that 
alteration processes affected and distributed these elements in the same 
manner, in fact as will be shown, they were enriched during alteration. 
Thus K/Rb and K/Ba ratios tend to remain constant which may be of genetic 
use in the evaluat1on of magma types. 
Ca and Sr develop a very strong positive correlation in group C rocks 
confirming the general and close proxy that Sr falls in with Ca through 
alteration. Similar highly significant positive correlations exist in the 
group of elements Mg·Mn-Zn in group B; but in the mineralised rocks, 
correlations of Mg-Mn and Mg-Zn become insignificant, Mn-Zn correlation 
becomes stronger and strong correlations amongst the group of elements 
Fe-Mn-Zn-Cu develop. These observations suggest that Fe, Cu, Zn and Mn 
behaved in similar fashions during inter-action with mineralising 
solutions. 
3.3.2.3 Direction of element mobility 
The question considered so far is whether some elements have been 
mobilised or not during the stages of alteration. The methods used are 
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unable to deduce if the mobilised elements were enriched or depleted with 
alteration. 
Wood et al (1976) consider the water content and Floyd (1976) takes 
the Fe2o3/Fe0 ratios of the :rocks as indicators of the degree c,f 
altel:·ation i.e. further hydration and oxidation of the rocks with further 
alteration respectively. The water content of the Polusagi rocks shows 
no meaningful variation with any of the mobilised elements. However, the 
oxidation ratios are positively correlated with CaO and negatively with 
MgO and Sr in the group A rocks (Fig. 3.2) and no other convincing 
correlations exist. This suggests that Ca was enriched and Mg and Sr were 
depleted during the early stages of alteration. 
Another way to estimate the direction of element mobility is to 
assume that A12o3 remained constant during the course of alteration 
(Matthews, 1971; Krauskopf, 1979, pp.82-83). This method is plausible 
for the Polusagi rocks, since Al2o3 variation is relatively small and it 
tends to stay immobile during alteration. In order to have a more 
meaningful estimation, basalts, andesites and dacites from each group are 
compared and the method assumes that the average A12o3 contents of group 
A basalts, andesites and dacites are typical. Therefore the average 
composition of these rock types in groups B and C are recalculated to 
have the same Al2o3 contents as their counterparts in group A. The 
calculations were carried out as suggested by Krauskopf (op cit). A 
deviation of more than 20% from the average value of any oxide in the 
group A rock types was taken to indicate mobility. Emphasis was laid on 
the comparative data from basalts and andesites, since numbers of dacite 
samples in groups A, B and C are small and 5, 3 and 6 respectively. The 
results are summarised in Table 3.3. The following are the observations: 
a) Further alteration from group A to group B volcanics involves 
marked further enrichment of Ca, marked enrichment of K, enrichment of 
Hb, Ba, Zn and Cu, release of Sr, some depletion in Na, probable further 
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TABLE 3.3 
Element mobility directions 
GROUP B GHOUP C GROUP A SUMMARY FOR GROUP B SUMMARY FOR GROUP C 
Basalt Andesite Dacite Basalt Andesite Dacite 
Si02 
+5 +10 -22 -11 -6 -31 NSC depleted? 
A12°3 0 0 0 0 0 0 
Fe 0 
2 3 -2 
+2 +27 -40 -29 -15 NSC depleted 
MgO -16 -18 +150 -30 +9 +219 depleted probable depletion probable enrichment 
eao +31 +45 -15 -94 -60 -50 enriched enriched highly depleted 
Na20 -18 -2 -24 -50 -32 -46 depleted highly depleted 
K
2
o +172 +107 -83 +483 +240 +139 highly enriched highly enriched 
MnO +5 -10 +60 +48 +29 +130 slight enrichment? highly enriched I 
en 
Sr depleted depleted depleted 
(J1 
-
+ - - - - I 
Rb + + (-) + + + enriched enriched 
I3a + + NSC + + + enriched enriched 
Zn + NSC (+) ++ ++ + some enrichment enriched 
Cu + + (-) + + - enriched enriched 
Ni NSC NSC NSC - (-) NSC NSC irregular or d~let:l.on 
Cr (-) NSC NSC (-) NSC NSC NSC NSC or depletion 
NSC means no significant change 
+ means enrichment 
means depletion 
( ) means slight 
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depletion in Mg and no significant directional consistency in Si and 
total Fe. Although S showed large variations, it is insignificant since 
the differences of averages between group A and B rocks are small and a 
difference of O.Olwt% gives rise to 501o deviation. 
b) Increased alteration into the sulphidised group C rocks involves 
extensive release of Ca, Na and to a lesser extent total Fe. Sr and 
probably some Si are released. K gets highly enriched and there are 
lesser enrichments of Mn, Rb, Ba, Zn and Cu and probably of Mg. Ni and 
Cr may have suffered leaching. 
c) When these patterns of mobility directions are compared, it is 
apparent that the behaviours of Mg and Ca are antipathetic and there is 
an interesting reversal of mobility direction in group C rocks i.e. while 
Ca is taken up and Mg is released in groups AandB rocks, Ca is released 
and Mg tends to be taken up in group C rocks. 
3.3.3 Element mobility in the hypabyssal rocks 
A similar approach as was pursued for the volcanics reveals that 
these rocks are even less affected by alteration than the group A 
volcanic rocks, All the elements seem to have retained their original 
igneous abundances (see Table 3.4). For example, while K, s, Sr, Rb, Ba, 
Cu and Zn have been mobilised to varying degrees in group A volcanics, 
they are largely immobile in these group A hypabyssal rocks. The only 
element which does not show significant correlation with the 5 immobile 
elements is S and this is due to its low abundance : out of 12 samples, 7 
have zero concentrations, 4 have 0.01% and only 1 has 0.101o S, 
Isochemical nature of spilitisation of the hypabyssal rocks can be 
explained by their relatively coarser grain sizes and compactness, thus 
being less prone to hydrothermal solutions and sub-marine weathering. 
3.4 Summary and conclusions 
The behaviour of elements during alteration is summarised in Table 3.5 
for each of the groups of rocks. The following conclusions are drawn: 
VARIABLE 
1. 5102 
2.AL203 
3.FE203 
4 .AGC 
5 .CAO 
6. NAZO 
7. K20 
B. TID" 
9. AhO 
I~. 5 
11.P205 
12.~8 
13.ZR 
14. y 
IS. SR 
1 b. LA 
17 .C£ 
1 B.RB 
19. BA 
20. ZN 
21 .cu 
22 .N! 
Z3.CR 
TABLE 3.4 
Correlation matrix for the hypabyssal rocks. No of samples 12. Significance levels at 
O.Olo/o=0.8911, 0.1%:0.8233 and at 1%= 0.7079 
1.0000 
-.0088 1.0000 
-.6941 -.2458 1.0000 
-.878~ -.0973 .3724 1 .0000 
-.9407 -.0977 .4951 .9015 1.0000 
• 9240 .0536 -.4714 -.9617 -.9408 1.0000 
- .68~1 .4413 .1373 • 6512 .73~3 -.7672 1.0000 
-.4691 -.4230 .8803 .1106 .36~0 -.2726 .0366 1.0000 
·.1942 -.0645 . 6629 .6923 .8953 -.9184 .7~H .6205 1.0000 
-.2078 -.0866 .3914 .0744 .1173 -.2084 .1438 .4393 • 3429 '1.0000 
.0534 -.0025 .5109 -.3978 -. 2781 .3684 -.4435 .4864 -.0162 .3865 1.0000 
.9138 -.0387 -.4047 ·.9139 -. 9503 .9468 -.8093 -.2452 -.8577 ·-.0215 .3987 1.~000 
.9535 -.0641 -.4985 -.'263 ·.9522 .9730 -.8078 -.3069 -.8699 --.1977 .3007 • 9701 1.0000 
.8700 -.0044 -.3154 -.910! -.9SH .9423 -.8152 -.!941 -.9453 --.0982 .4.68 • 98.2 • 95~0 1. 0000 
-. 4717 • 2897 -. 0405 .4279 .6035 -.4177 .5&41 -.0908 .4950 ·-.1904 -.2754 -.5943 -.5225 -.6098 1.0000 
• 82f9 .!57& c.3581 -.8344 -.9487. .8974 -.7578 -.33&2 -.8633 ·.1121 .4459 .9292 .9119 .9481 -.5478 1.0000 
.8177 .0558 -.3012 -.8274 -.9283 .8778 -.7924 -.2595 -.8660 -.150~ • 4305 .nl7 .91:59 .9628 -.6212 .9~1 1.0000 
-.7035 .4353 .I 393 • 6978 .7421 -.7930 • 9907 -. 0037 .7138 .1209 -.4570 -.9319 -.82Jl -.93H .5676 •. ~432 -.7892 1.0000 
-.7020 .3305 . 2471 . 648~ .7290 -.7880 .9675 .1625 .7728 .3441 -.3360 -.7783 -.8094 -.7941 ,4629 -.7464 -.7762 .960~ 1.0000 
-.8275 -.0511 • 5599 .7679 • 7981 -. 8637 .6690 .4449 .BH2 .6021 -.1157 -.7870 -.8660 -.8180 .J318 -.7650 -.7908 .6065 .7soo 1.0t1 :·o 
-.5120 .1469 .08&7 .5778 .5820 -.6377 .6193 -.0069 • •too .2890 -.3146 -.5019 --.5884 -.5508 .1776 -.5915 -.52:0 .57 t 0 .61 ~~ . 4';:·o 1.oooo 
-.6409 -.1337 
-.6220 -.0722 
1. 
5102 
2. 
Al203 
.0772 
.0372 
3. 
FE20J 
• 9151 
.8788 
• •
KGO 
.7141 -.8007 
.7120 -.7856 
5. 
CAD 
6. 
NA2D 
.4816 -.2078 
.5234 -.2179 
7. 
K20 
B. 
TI02 
.3tJ76 -.1156 -.5408 -.n&t -.7159 -.7391 
.3727 -.!~35 -.5505 ·-.7035 -.7011 -.7210 
9. 
KNO 
10. 
s 
11. 
P205 
12. 
Mil 
13. 
ZR 
! 4. 
T 
.3:56 -.~586 -.6.91 
• 2990 -. 6729 -. 6350 
15. 
SR 
16. 
LA 
t 7. 
CE 
.5422 
• 5575 
lB. 
RB 
.4490 
.47H 
19. 
.5': :iJ 
• 4()4JQ 
~0. 
z" 
.5:0? 1.0000 
• 7116 
21. 
cu 
.9686 1.0000 
n. 
MI 
23. 
C:R 
I 
O'l 
~ 
I 
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TABLE 3.5 
Mobility of elements in the Polusagi rocks 
1) Group A volcanics: 
Highly immobile = Zr, Ti, Y, Nb, La, Ce, P, Ni, Cr 
Immobile = Si, Al, total Fe, Mg, Ca, Na, Mn 
Mobile = K, Rb, Zn 
Highly mobile = s, Sr, Ba, Cu 
2) Group B volcanics: 
Highly immobile = Zr, Ti, y 
Immobile = Al, Nb, La, Ce, P, Cr, Ni 
Mobile = Si, total Fe, Mg, Ca, Na, Mn 
Highly mobile = K, s, Sr, Rb, Ba, Cu, Zn 
3) Group C volcanics: 
Highly immobile = Zr, Ti, Y, Nb, La, Ce 
Immobile = p 
Mobile = Al, Cr, Ni 
Highly mobile = Si, total Fe, Mg, Ca, Na, K, Mn, s, Sr, 
Rb, Ba, Zn, Cu 
4) Hypabyssal rocks: 
Highly immobile = Zr, Ti, Y, Nb, La, Ce, P, Ni, Cr 
Immobile Si, Al, total Fe, Mg, Ca, Na, K, Mn, Sr, 
Rb, Ba, Zn, Cu 
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1) The chemical abundances, hence, inter-element variations in the 
group A volcanics and hypabyssal rocks are to a large extent of original 
igneous values and can be employed in geochemical and petrogenetic 
studies. However, in such studies, the immobile elements Zr, Nb, Y, La, 
Ce, Ti, P, Ni and Cr should be given priority, although most of the major 
elements for this group can also be used. Care must be taken when 
dealing with K, Rb and Zn and more so with s, Sr, Ba and Cu, although their 
abundances are possibly not far removed from original igneous concentrations. 
2) For the more altered rocks of groups B and C, major oxide 
concentrations have been mobilised and thus cannot be used for 
geochemical and petrogenetic studies. Instead, the above mentioned 
immobile elements, particularly Zr, Y and Ti, should be used. Caution 
must be exercised with Cr and Ni concentrations in the sulphidised rocks. 
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CHAPTER FOUR 
CLASSIFICATION AND TECTONIC SETTING 
4.1 Introduction 
As was shown in Chapter two and will be apparent in this chapter 
and the next, the Polusagi rocks of igneous origin have such field 
relations and continuous and gradational chemical variations as to 
suggest that they belong to a common magmatic source. Therefore, they 
are considered as a suite of rocks: the Polusagi rock suite. 
This chapter is composed of two different but related parts. The 
first part deals with theclassification of the Polusagi rock suite into 
recognised magma types and their various magmatic products and the 
second part discusses the tectonic setting at which the rocks were 
produced. 
4,2 Classification of the Polusagi rocks 
4.2.1 Introduction 
Although different magma types had been recognised in the 1920's 
(Bailey et al, 1924), it was not certain if these magma types had world-
wide significance. Subsequent work by Kennedy (1933) and Tilley (1950) 
showed that the two types of magmas, the non-porphyritic central and 
plateau magma types, were of world-wide significance. They were later 
called tholeiitic and alkali-olivine magma types. Kennedy argued that 
the "olivine basalt magma type" was parental to an alkali line of descent 
ending with trachyte and phonolite, while the "tholeiitic magma type" led 
to a more siliceous association ending with rhyolite which he equated 
with the "calc-alkali" rock series. Tilley stressed that the tholeiitic 
basalt series was distinctive from the calc-alkali series in that the 
associated andesites were richer in iron and relatively minor, while the 
calc-alkali rock series, associated with orogenic belts, had the 
andesites as the dominant rock. 
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Bowen (1928) emphasised the enrichment of residual liquid in silica 
and alkali-feldspars; he did not consider the iron enrichment as 
significant and regarded the calc-alkali trend as normal fractionation trend 
of the tholeiitic magma. On the other handp Fenner (1929) stressed the 
enrichment of residual liquid in iron rather than silica and regarded 
the tholeiitic trend as normal. 
Following the studies of the Skaergaard intrusion? the iron-enrichment 
trend of residual liquidp presumably by the process of fractional 
crystallisation, was strikingly demonstrated (e.g. Wager and Deer, 1939). 
Similar trends of tholeiitic magma were recognised in many differentiated 
intrusive bodies, such as the Karoo dolerite sill and the Palisade dolerite 
sill, though the iron-enrichments found were not as strong as in the 
Skaergaard intrusion. The iron-enrichment during fractional crystallisation 
of basaltic magma was, therefore, found to be common for a certain basaltic 
magma type, now identified as the tholeiitic magma type. 
The trends of fractional crystallisation of basaltic magmas have been 
investigated in detail in many volcanic suites, such as in the Japanese 
islands (Kuno, 1950,59p60). Kuno distinguished two different rock series 
on the basis of groundmass pyroxene: the "pigeonitic rock series" that 
contains pigeonite in the groundmass and the "hypersthenic rock series" 
that contains orthopyroxene in the groundmass. Kuno (1968) correlated his 
pigeonitic rock series with the tholeiitic rock series and the hypersthenic 
rock series with the calc-alkali rock series. It was demonstrated by Kuno 
that the volcanic rocks of calc-alkali rock series are relatively low in 
iron and do not exhibit iron enrichment as opposed to the tholeiitic rock 
series. 
Kuno (1960,68) introduced a third "primary" magma type which he called 
"high alumina basalt", apparently distinct from the tholeiitic and calc-
alkali rock series. Rocks of this series, according to Kuno, belong 
mostly to "pigeonitic" and partly to "hypersthenic" rock series. 
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Wilkinson (1968) adopted the term "sub-alkaline" to include both 
tholeiitic and calc-alkali rock series. This was followed in Irvine and 
Baragaras (1971) chemical classification of common volcanic rocks. 
In the present study, the following framework for the classification 
of magma types has been used, which is like the one proposed by Irvine 
and Baragar (op cit): The main rock series are divided into a) Sub-alkaline 
and b) Alkaline, with the former comprising the tholeiitic and calc-alkali 
rock series (Wilkinson, 1968; Irvine and Baragar, 1971; Middlemost, 1972, 
75,80; Winchester and Floyd, 1977; Floyd and Winchester, 1978) and the 
latter the alkali-olivine basalt series and the shoshonite association of 
Joplin (1965,68). The high-alumina basalt of Kuno (1968) is considered 
to be representative of basic members of the calc-alkali rock series 
(Wilkinson, 1968; Irvine and Baragar, 1971; Winchester and Floyd, 1977; 
Floyd and Winchester, 1978). 
Before deciding whether the Polusagi rock suite is of alkaline or 
sub-alkaline nature, the rock suite will be subdivided into various 
magmatic products, since the chemical character of the basic members of 
the above mentioned rock series play an important role in the decision 
process. 
4.2.2 Subdivision of the Polusagi rock suite 
Although some discrimination amongst the volcanic and the hypabyssal 
rocks on mineralogical grounds were discussed in Chapter two, the rocks 
are best subdivided on chemical grounds due to the extensive alteration 
of the igneous mineralogy. Because of the problems of the element 
mobility, discussed in Chapter three, only the immobile elements Zr, Nb, 
Y, La, Ce and Ti have been used in developing a chemical classification. 
However, in order to be compatible with the conventional classification 
schemes which use major element abundances, the dividing values of the 
immobile element concentrations separating the basic, intermediate and 
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acid rock types were decided by comparison with the major element 
concentrations in group A rocks, where most of them have been shown to be 
essentially of original igneous qualities (Chapter three). Therefore, 
the classification based on the immobile element abundances should not 
only be compatible with the other schemes, but also be applicable to 
even the most intensely altered rocks in the studied area. 
4.2.2.1 Subdivision of the volcanic rocks 
In the group A volcanic rocks, Si02 exhibites a large variation from 
44% to 74%, thus covering the basic, intermediate and acid compositional 
fields or more appropriately basaltic, andesitic and dacitic ranges, see 
sections 4.2.3 and 4.2.4. Si02 contents of 52% (Jakes and White, 1972; 
Carmichael et al, 1974; Streckeisen, 1980) and 62% (Jakes and White,l972; 
Middlemost, 1972,75,80; Arculus, 1973; Brown et al, 1977) are the values 
most commonly accepted as chemical divisions between basalt, andesite 
and dacite respectively, so that all three can be expected in the group 
A rocks. Although Mg has been used by some authors as a basis (e.g. 
Beddoe-Stephens,l977), because of the Ca-Mg relationship discussed in 
Chapter three (section 3.3.3), MgO+ CaO content is thought to be more 
reliable to employ into the subdivision. Fig.4.1 shows the covariance 
of SiO against MgO+CaO and how the rocks are subdivided on this basis. 
2 
Since the immobile elements Zr, Nb, Y, La and Ce show positive and 
linear trends against SiO , and Zr and Ti are probably the most immobile 
2 
elements, the following chemical scheme of subdivision is proposed for 
all the volcanic rocks in the area which corresponds to the basis in 
Fig. 4.1: 
Basic (basaltic) rocks: 
Zr <. 200 ppm 
Nb <. 15 " 
y < 60 " 
La < 13 II 
Ce < 30 II 
Zr/Ti02% < 120 
3 
or ZrxlO /Ti ppm ( 20 
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Fig.~.l. Variation of CaD+MgO with Si02 and the subdivision of the rocks (Group A). 
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Intermediate (andesitic) rocks: 
Zr = 200-400 ppm 
Nb = 15- 25 " 
y = 60- 90 II 
La ;;:;; 13- 25 ~ t 
Ce = 30- 55 " 
Zr/TiO % = 120-500 2 
3 
or ZrxlO /Ti ppm = 20-80 
Acid (de.citic) rocks: 
Zr ') 400 ppm 
Nb ) 25 " 
y > 90 II 
La ) 25 II 
Ce ) 55 II 
> 500 3 or ZrxlO /Ti ppm ) 80 
4.2.2.2 Comparison with other chemical schemes of subdivision 
Discrimination of differentiation products of different magma 
series on the basis of immobile trace elements and their ratios has also 
been proposed by Winchester and Floyd (1977) and successfully applied to 
some altered and metamorphosed rocks (Floyd & Winchester 1978). In their 
classification, not only do they discriminate between sub-alkaline and 
alkaline rock series, but also discriminate the basalts, andesites, 
dacites and rhyolites within the sub-alkaline magmatic rocks. Their 
discrimination diagrams, utilising the trace element ratios Zr/Ti02 
and Nb/Y and Ce have been employed for the Polusagi rocks in Figs. 4.2 
and 4.3 for comparison with the scheme of classification proposed above. 
These plots clearly indicate the sub-alkaline character of the Polusagi 
rock suite and exhibit total agreement on the discrimination of basalts 
and andesites. However, although almost all the andesites plot into the 
appropriate fields in the diagrams, dacitic rocks tend to plot into the 
fields reserved for more acidic rocks such as rhyodacites and rhyolites. 
This can be expected as the andesite and rhyolite fields on these 
diagrams are based on the calc-alkali suite of rocks (Winchester and 
IOOOOt 
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Fig.4.2 Zr/Ti02-Nb/Y discriminant diagram showing the Polusagi rocks and 
the fields delimited by Winchester and Floyd (1977). 
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Floyd, 1977), while the Polusagi rock series is of tholeiitic nature 
(see section 4.2.3) and Zr concentrations in the tholeiitic andesites 
and dacites of the Polusagi rock suite are higher than most of their 
counterparts in other areas (see section 4.3.5). 
Normative parameters such as colour index and normative plagioclase 
composition have been used to discriminate basalts from andesites. 
Various delimiting values for these parameters have been suggested 
(Streckeisen, 1980; and see Coats, 1968, for a review). Irvine and 
Baragar (1971), in their chemical classification of common volcanic 
rocks, proposed a diagram plotting normative colour index against 
normative plagioclase composition, thus making use of both parameters 
as a simple and satisfactory diagram for subdividing all sub-alkaline 
rocks into differentiation products. As a further test and comparison, 
the Polusagi rocks were plotted in this diagram in Fig. 4.4 and it shows 
a high degree of agreement. All the basalts, 90% of andesites and all 
the dacites plot into the appropriate fields defined by Irvine and 
Baragar Cop cit). Furthermore, andesites plot into the tholeiitic 
andesite field i.e. having more sodic plagioclase at the equivalent 
colour index than normal artdesites. 
4.2.2.3 Subdivision of the hypabyssal rocks 
The chemical classification of the hypabyssal rocks is virtually 
the same as proposed for the volcanic rocks and the hypabyssal rocks 
have also been plotted in the diagrams used when dealing with the volcanic 
rocks (Figs. 4.1, 4.2, 4.3 and 4.4). It is apparent that the basic and 
acid hypabyssal rocks (having <. 52'7o Si0
2 
and ) 62'7a Si02 respectively) 
are the chemical equivalents of the basalts and dacites. Nomenclature 
for the coarse grained equivalent of basalts and dacites is "gabbro" 
and "granodiorite" (Hatch et al 1972, Carmichael et a1, 1974). As far 
as the rocks of the studied area are concerned there is no plutonic 
equivalent to the andesites. 
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Although the nomenclature for the basic hypabyssal rocks (gabbro) is 
not ambiguous, this is not so for the acid hypabyssal rocks. In 
ophiolites, such leucocratic rocks seem to be common and where modal 
analyses of these rocks are available, Coleman (1977) reports that they 
plot near the quartz-plagioclase boundary on the Q-P-A triangle of 
Streckeisen (1976). Various names have been given to such rocks depending 
on the mafic mineral content such as granodiorite, quartz-diorite, 
tonalite and trondhjemite. For example, Whitten and Brooks (1972) define 
trondhjemite as "potash feldspar-free granodiorite". The Polusagi acid 
hypabyssal rocks contain extremely low values of K 0 (average = 0.02%), 
2 
hence extremely small normative orthoclase (always< 0. 3%), and the normative 
An content of plagioclase varies from 2.4 to 11.7%. Si02 ranges from 5~o 
to 70%, Na2o is high and restricted - from 7.5% to just over 8%. For such 
rocks associated with ophiolites, Coleman and Peterman (1975) gave the name 
"oceanic plagiogranite" as a descriptive and collective name : "high silica, 
low to moderate alumina, low total iron-magnesium and extremely low K20 
characterise the oceanic plagiogranites and their associates. Normative 
orthoclase is usually less than 4 mol% and normative An content of 
plagioclase ranges from An21 - An61 " (Coleman,1977).The Polusagi acid 
hypabyssal rocks are thus termed "plagiogranite" and they are distinct 
from tonalites and trondhjemites and in general richer in normative Ab 
content of plagioclase than the oceanic plagiogranites of Coleman (1977), 
see Fig. 4.5. 
4.2.2.4 Further considerations of the subdivided rocks 
Chemical classification, proposed in the preceding pages, of 129 lavas 
and hypabyssal rocks produces 46 samples of basalt, 57 samples of andesite, 
14 samples of dacite, 7 samples of gabbro and 5 samples of plagiogranite. 
Average major and trace element abundances of the basalts, andesites and 
daci tc:~ or group 1\ ruck!-i and of the gabbro and plagiograni te samples are 
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Fig.4.5 Triangular diagram of normative contents of Ab, An and Or for the 
Polusagi plagiogranites (e) and the oceanic plagiogranites (o 
of Coleman (197(). From broken line to Ab corner; low pressure 
feldspar field. Dotted lines separate various rock types on the 
basis of their feldspar ratios. C'.i.' = continental trondhjerni te. 
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presented in Tables 4.1 and 4.2 respectively, together with ranges and 
standard deviations, Individual rock analyses are listed in Appendix III,J. 
The following discussion will only take the group A volcanics and the 
hypabyssal rocks into consideration. 
a) Basalts - They are all olivine normative, olivine ranging from 
5,9 to 27.4%. Despite the very low Si02 content of some of the basalts, 
they are not picritic-basalts, A picritic-basalt, by definition, contains 
a large proportion of modal olivine which should reflect itself in high 
normative olivine. Irvine and Baragar (1971) put 25% normative-olivine 
as a practical minimum and MacDonald and Katsura (1964) delimit the sum 
of Ab+An+Or to less than 30% for picritic basalts, There is only one 
basaltic sample out of 19 with normative olivine )25% and none of the 
basalt samples contains Ab+An+Or less than 35%. 
A certain distinction amongst the basaltic samples is possible and 
indeed inevitable as 6 basaltic samples (P66, Pl40, P2l4, P252, P282 and 
P286) consistently appear to be more primitive or more basic than the 
rest of the basalts: as a group these 6 basalts contain the lowest Zr, 
Nb, Y, La, Ce, Ti02 and P2o5 and the highest Ni and Cr concentrations 
amongst the group A basalts. Considering the points raised in Chapter 
five, these 6 samples amongst the group A volcanics are termed here as the 
"more primitive" and the rest the "more differentiated" basalts, Their 
average major and trace element concentrations are presented and 
contrasted in Table 4.2. The "more primitive" basalts also have higher 
K20, MgO, CaO and SiO and lower Na 0 and Fe2o contents than the "more 2 2 3 
differentiated" basalts. 
b) Gabbros - The same kind of distinction as for the basalts is 
duplicated in the gabbroic rocks. The samples P272, P277 are "more 
primitive" than the other 5 gabbro samples and the chemical differences 
between the "more primitive" and the rest of the gabbros are 
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Ave rag~ compositions of subdivided basalts, andesites and 
g:1bbros. Numbers in parantheses are nu.'llber of samples. 
BASALTS GABBROS ANDESITES 
More More diff- More More diff-
Primitive(6) erentiated(l3) Primitive(5) erentiated(2) Basal tic( 20) Acid(12) 
Si0
2 
wt'l'o 47.49 48,98 49.36 48.78 53.47 57.10 
Al 0 11.05 14.16 16.12 14.16 15.70 16.11 
2 3 
Fe
2 
0 
3 
12.33 13.05 9.22 14.04 11.97 10.27 
MgO 10.15 8.98 11.35 7.15 7.97 5,55 
cao 10.96 8.68 9.13 8.43 4.17 3.18 
Na 0 3.13 3.79 
2 
2,54 3.40 4.27 5,05 
K
2
C 0.30 0.12 1,00 0,55 0.12 0,20 
Ti02 1.20 1. 77 0.70 
2,30 1. 65 1.49 
MuO 0.22 0.20 0.17 0,21 0.23 0.19 
s 0.02 0,02 0,00 0,05 0,03 0.01 
p 0 0.16 0,26 0.11 0,34 0.43 0,46 2 5 
Nb ppm 7 10 4 12 17 22 
i'ir 85 147 56 134 255 343 
y ,'JO 47 22 18 63 8·1 
Sr 122 154 276 140 112 132 
La 7 ll 7 9 16 21 
Ce 18 2'7 16 .2:1 33 50 
Rb 6 4 13 7 3 3 
Ba 70 9G 193 164 69 149 
Zn 67 83 46 59 158 149 
Cu 43 :10 36 30 71 16 
Ni ~)5 H! 1<10 25 G 6 
Cr 254 53 265 51 35 19 
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qualitatively the same as those for the two groups of basalts, but even 
more extensive (Table 4.2). It is clear that the gabbro samples P272 and 
P277 are related to the "more differentiated" basalts and the other 5 
gabbro samples to the "more primitive" basalts, thus they are termed as 
the "more differentiated" and the "more primitive" gabbros respectively. 
The relation is discussed in section 5.4.2. The "more primitive" gabbros 
seem even more basic than the "more primitive" basalts in having lower 
averages of Zr, Y, Nb, Ce, Ti0
2
, P2o5 , Fe2
o
3 
and Na2o and higher averages 
of Ni, Cr, K20 and MgO contents. 
Normative mineralogy of the gabbros is very similar to that of 
basalts. 
c) Andesites - They are mostly quartz-normative (up to 14%); only 2 
samples out of 32 show small amounts of normative olivine. Plagioclase 
composition is largely dominated by albite, and orthoclase is present in 
small amounts, generally less than 2%. 19 samples are corundum normative 
with a range 2-14%. 
Average silica content of the andesites (54.831a) is lower than those 
of average tholeiitic andesite (57.40%), calc-alkaline andesite (59.64%) 
and low-potassium andesite (59.05%),reported by Jakes and White (1972). 
Basaltic andesites are defined as transitional rocks between basalts and 
andesites (Coats,l968; Carmichael et al, 1974). For comparative purposes, 
the Polusagi andesites have been further divided into "basaltic andesites" 
and "acid andesites" at a Zr content of 300 ppm, which corresponds to a 
dividing Si02 content of 567o. The basaltic andesites approximate to 
Jakes & White's (op cit) low-silica andesites in having an average Si02 
content around 54% (Table 4.2) 
4. 2. 3 The Polusagi magma type - sub-alkaline or alkaline? 
Various diagrams discriminating the sub-alkaline and alkaline magma 
types on major element chemistry are available in the literature e.g. 
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total alkali vs. SiO.,, tetrahedral diagram with apices at the 
'" 
compositional points 01, Cpx, Ne and Q or a ternary diagram of 01-Cpx-Opx 
( Chayes, 1966). However because it has been customary to use the total 
alkali vs. silica diagram as it permits a direct use of analytical data, 
and also that doubts as to the effectiveness of the ternary diagram have 
been expressed (Irvine and Baragar, 1971), only the total alkali vs. silica 
diagram has been used for the evaluation of the nature of the Polusagi 
rocks (Fig.4.6). Only 3 out of 68 analyses plot into the alkaline field 
of Irvine and Baragar (1971), indicating that the rocks are of sub-alkaline 
nature. 
Sub-alkalinity of the suite can be further verified by using the 
immobile trace elements. In general, alkalic basalts are all enriched 
inTi, Y, Zr and P relative to sub-alkaline tholeiitic basalts (Manson, 
1968; Prinz, 1968). Pearce & C~nn (1973) used the Y/Nb ratio to 
distinguish between the two magma types, where Y/Nb ratio decreased with 
increasing alkalinity of the basalts. The Y/Nb ratio or tholeiitic 
basalts is) 2, while it is (1 for alkalic basalts. The basic Polusagi 
rocks have Y/Nb ratios from 3 to 7.5 with an average of 5, suggesting a 
sub-alkaline and furthermore a tholeiitic nature. 
The ratios Y/Nb and Zr/P 0 together with the immobile elements Ti, 
2 5 
Zr and P have been incorporated into a series of discriminant diagrams by 
Floyd and Winchester (1975) to separate alkaline basalts from tholeiitic 
basalts. Their diagrams, employed for the basic rocks of Polusagi in 
Fig. 4.7 confirm the sub-alkaline nature of the rock suite. However, 
these diagrams do not adequately discriminate between oceanic and 
continental types of either tholeiites or alkali basalts. Also, as the 
construction of their diagrams excluded calc-alkali basalts and island 
arc tholeiites (Floyd and Winchester, 1975), the possibility of the 
Polusagi basic rocks being calc-alkaline is not eliminated, despite the 
strong affiliation to tholeiitic basalts suggested by the Y/Nb ratios and 
Fig. 4. 7. 
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4.2.4 The Polusagi subalkaline rock series: tholeiitic or 
calc-alkaline? 
In distinguishing the tholeiitic and calc-alkaline rock series, the 
degree of iron-enrichment in the course of differentiation of the magma 
has usually been taken as the major factor (Kuno, 1968; Jakes and Gill, 
1970; Kushiro, 1979), the calc-alkali rocks being characterised by the 
lack of iron enrichment. Kuno (1965) showed that the lavas of the 
tholeiitic rock series segregated iron-rich residual liquid whereas 
those of calc-alkaline rock series segregated silica-rich residual liquid. 
The degree of iron-enrichment within tholeiitic magmas however, can vary. 
It can be high (e.g. the Skaergaard intrusion) or moderate to low (e.g. 
the Palisade diabase sill). The degree of iron enrichment in ophiolites 
is not high (Coleman, 1977) and moderate to low in the alpine ophiolites 
(Laurent et al, 19PO). 
The iron enrichment trends of magmatic series are usually displayed 
by AFM diagrams. In Fig. 4.8 the Polusagi rocks have been plotted in an 
AFM diagram which is presented with a dividing line between calc-alkali 
and tholeiitic rock series suggested by Irvine and Baragar (1971) together 
with the trends of ophiolitic tholeiites and olivine tholeiites of Laurent 
et al (1980) proposed for the Eastern Mediterranean ophiolites. The 
separation of the rock suite into calc-alkaline and tholeiitic types by 
the dividing line is not very effective. Although basic and acid rocks 
dominantly plot into the tholeiitic field, most of the andesites fall 
into the calc-alkaline field, but close to the boundary line. The 
behaviour of the Polusagi rocks is very likely to be realistic as the 
rocks involved are the least altered rocks. Since K20 contents are very 
low (see Table 4.1), possible deviations from the original trend brought 
about by its mobility is probably negligible. Thus, it will not be 
incorrect to state that the Polusagi rock suite displays a moderate to 
70 
10 
so 
~ ~ 
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low iron-enrichment, similar to many ophiolites. This trend is also 
similar to that of the island arc tholeiitic series which shows iron 
enrichment less than that of the abyssal tholeiites (Jakes and White, 
1972). 
Hocks of the tholeiitic suites are not only characterised by the 
enrichment in iron during differentiation, but also by the enrichment in 
Ti0
2 
and by a slower rate of increase in silica as opposed to the calc-
alkalic rocks which have a monotonous decrease in T'O and a faster ]. 2 
rate of increase in silica (Miyashiro, 1973,74,75 a,b; Miyashiro and 
Shido, 1975). Miyashiro (op cit) produced a series of discriminant 
diagrams demonstrating the different trends of FeO* (means total Fe as 
FeO), T'O and s·o with progressive differentiation which he measured ]. 2 ]. 2 
by an increase in FeO*/MgO ratio. 
The iron and Ti02 enrichment trends (with maxima) of Polusagi rock 
suite can best be displayed by using Zr as differentiation index (see 
Chapter five, Fig. 5.5), but for purposes of comparison the rocks have 
also been plotted in the Miyashiro diagrams (Fig. 4,9). It is clear 
from Fig. 4.9 that the FeO* and Ti0
2 
trends are typical of tholeiitic 
rock series and furthermore, the basic rocks occupy fields of the ocean 
floor tholeiitic rock series. However, the tholeiitic nature of the 
rock series is not as clear in the Si0
2 
vs.Fe*/MgO diagram. Initial 
stages of differentiation seem to show a sharper than usual rate of 
increase in Si02 for tholeiitic rocks; and the andesites mostly plot 
into calc-alkaline field. This, however, does not necessarily suggest 
mildly calc-alkaline character, since this diagram cannot satisfactorily 
discriminate the two series below a FeO*/MgO ratio of 2 (Miyashiro op cit) 
and all the Polusagi basic rocks, and 92% of the andesites that fall 
into midly calc-alkaline field have FeO*/MgO ratios < 2. 
The calc-alkaline basalts and andesites are generally high alumina 
types, containing 16-20% Al2o3 , whereas their tholeiitic counterparts 
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have lower Al 0 content at 12-167o (Irvine and Baragar 1971). This 
2 3 
difference in chemistry has been utilised to discriminate calc-alkaline 
and tholeiitic rocks by Irvine and Baragar (op cit) into a plot of 
normative plagioclase composition vs. Al 2o3 which, Lh~y claim? should 
separate especially the more basic members of the two series more 
effectively than the AFM diagram. This plot (Fig.4.10) places the basic 
rocks of the Polusagi suite almost entirely into the tholeiitic field. 
Similarly, Jensen (1976) developed a triangular discriminant diagram to 
distinguish "komatiitic";tholeiitic and calc-alkali·rock series, 
exploiting the chemical differences in iron and titanium enrichment trends 
and AI
2
o
3 
and MgO contents. The Polusagi rocks exhibit a clear tholeiitic 
i.e. iron and Ti enrichment trend (Fig,4.ll). 
In general, tholeiitic and calc-alkali rock series differ in silica 
mode, K 0 content and Na 0/K 0 ratios (Jakes and Gill·, 1970), Although 2 2 2 
some tholeiitic rock series may show silica range (45-70%) similar to calc-
alkali rock series (53-70%), the Si02 mode is at 5~o for tholeiitic rocks 
as opposed to sgro in calc-alkali rocks. Tholeiitic rocks have much lower 
contents of K2o and higher Na20/K2o () 4) than calc~alkali rocks (Jakes 
and Gill, op cit). The Polusagi rock series have close similarities with 
tholeiitic rocks in having a silica mode at 54%, with a range 44-74%; very 
low K2o contents (see Table 4.1) and an overall average Na20/K2o ratio of 
19. In general, calc-alkali rocks have lower Ni (0-30 ppm) and Cr (0-50 
ppm) concentrations as opposed to tholeiitic rocks, where they are 0-200 
ppm and 0-400 ppm respectively. Ni and Cr concentrations in the Polusagi 
rocks resemble those of tholeiitic rocks (Table 4.1). 
It is concluded that the Polusagi rock suite is of tholeiitic nature. 
lO 
lOO 
Fig. ~!e 10 
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4.3 Tectonic setting of the Polusagi tholeiitic rock suite 
4.3.1 Introduction 
With the development of the theory of global tectonics and rapid 
increase in the number of chemical analyses of various volcanic rock 
types in recent years, there has been much interest shown for chemical 
classification of major magma types into various tectonic environments. 
Especially using the immobile elements such as Ti, Y, Zr, Nb, P, Cr, Ni 
and the rare earth elements, which show systematic differences from one 
tectonic environment to the other, some success has been achieved in 
tectonic setting characterisation of volcanic rocks (Pearce and Cann, 
1971,73; Bickle and Nisbet, 1972; Pearce, 1975; Floyd and Winchester, 
1975; Pearce and Gale, 1977, Smith and Smith, 1976; Church and Coish, 
1976). The principal behind the identification of the original tectonic 
setting of basic volcanic rocks from the past, particularly where this 
cannot unambiguously be deduced from the geology, is the comparison of 
the concentrations or ratios of the immobile elements of the rocks in 
unknown settings with those of the present day volcanic rocks of known 
settings. 
The most promising scheme of classifying the basic volcanic rocks 
into different tectonic environments came from Pearce and Cann (1973), 
who defined four basaltic groups considering the major tectonic settings 
related to plate motions: 
a) Volcanic arc basalts ) 
) Plate margin basalts 
b) Ocean-floor basalts ) 
c) Ocean island basalts ) 
) Within plate basalts 
d) Continental basalts ) 
Volcanic arc or island arc basalts are produced at converging plate 
margins and contain low-K tholeiites, calc-alkali basalts and 
shoshonites (Jakes and Gill, 1970; Gill, 1970; Jakes and White, 1972). 
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These three magma types appear to be related to the trench in terms of 
time and space. Hocks of the island arc tholeiitic series are predom-
inantly basaltic and occur as the earliest eruptions closest to the 
trench, usually on oceanic crust. They are followed in time by calc-
alkaline and then by shoshonitic rocks. Calc-alkaline rocks are 
predominantly andesitic and further away from the trench, while shosh-
onites are predominantly basaltic and occur furthest behind the trench 
and may also represent the last phase of the volcanic arc evolution. 
Ocean-floor basalts are produced at accreting plate margins and are 
predominantly tholeiitic basalts, though small amounts of transitional 
and alkalic basalts also occur. They are associated with dolerite dykes, 
gabbros, ultramafics and plagiogranites. Such rocks have been dredged 
from mid-ocean ridges, marginal basins or back arc basins, 
Ocean island basalts and continental basalts range from tholeiitic 
to highly alkaline suites of rocks and are termed "within plate basalts" 
as no geochemical method has been devised to distinguish them (Pearce and 
Cann, 1973). This type of volcanic activity is generally attributed to 
plumes of hot material from the mantle to explain their occurr"'nces in the 
ocean islands and continental rift environments. 
In practice, analysed rocks do not always clearly belong to a 
particular tectonic setting and may suggest transitional forms. 
4.3.2 Tectonic Setting 
The Polusagi rocks are tholeiitic in nature but each of the 
tectonic settings listed above is capable of producing tholeiitic basalts. 
Initially, all the possible tectonic settings for the Polusagi tholeiitic 
basalts will be considered. 
In general, "witlliH plate basalts" are distinguished geochemically 
by their higher concentrations of most lithophile elements, with few 
exceptions such as Y and Cr, in relation to "plate margin basalts" 
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(Pearce and Gale, 1977). The distinctive enrichment of "within plate 
basalts" in Zr and Ti, but not in Y, has been successfully used to 
discriminate them from plate margin basalts (Pearce and Cann, 1973; 
Pearce, 1975; Pearce and Gale, 1977). Fig,4.12 is a plot of Zr/Y vs. 
Ti/Y for tl1e Polusagi basic rocks and all of the analyses fall into the 
plate margin basalt field. Fig.4.13 is a triangular plot of Ti, Zr and 
Y, and again it clearly eliminates the possibility of a within plate 
tectonic environment for the Polusagi basic rocks. Fig.4.14 suggests an 
ocean-floor tectonic environment as the rocks overwhelmingly fall into 
field B. But field B is also shared by some of the calc-alkaline basalts 
and island arc tholeiites. Since the Polusagi rocks are tholeiitic, the 
possibility of the rocks being calc-alkaline can be disregarded. However, 
this diagram, like the Zr-Ti-Y diagram, cannot adequately discriminate 
between the ocean-floor and island arc tholeiitic basalts. Hather, the 
data points cover the fields of basalts from both tectonic settings. 
Island arc tholeiites share many chemical characteristics with 
ocean-floor basalts, but differ from them in that they have lower 
concentrations of FeO, MgO, Ni, Cr, Ti, Zr and Nb and higher 
concentrations of K, Rb, Ba and Sr (Jakes and Gill, 1970), and these 
differences appear to be critical. They also have lower P2o5 and REE 
as compared with ocean floor basalts (Hawkins, 1980). These chemical 
differences seem to be more pronounced in the more fractionated basaltic 
members of the two series and the least fractionated basalts of island 
arc tholeiitic series probably converge into the ocean-floor basaltic 
compositions (Gill, 1970; Hawkins, 1980),These chemical differences can 
be employed in discriminant diagrams to help to distinguish the island 
arc tholeiites from ocean-floor basalts. 
A triangular diagram of Zr, Ti and sr, which is claimed to be very 
effective in distinguishing the plate margin basalts (Pearce and Cann, 
1973; Pearce, 1975) cannot be used for the Polusagi basic rocks, since 
Sr is a highly mobile element, 
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Cr is apparently a very useful element in distinguishing ocean-floor 
basalts from island arc tholeiites since at any given Ti concentration 
ocean-floor basalts will always have higher Cr than island arc tholeiites 
(Pearce, 1975; Pearce and Gale, 1977); this is also the case for Ni. Figs. 
4.15 and 4.16 are discriminant diagrams based on these observations. The 
majority of the Polusagi basic rocks fall into the island arc tholeiite 
field, while a considerable number of points plot into the ocean-floor 
basalt field. It is interesting to note that the majority of the points 
that fall into the ocean-floor basalt field in both diagrams are those 
basalts and gabbros that were separated from the others as being "more 
primitive" in section 4.2.2.4. Thus, these diagrams indicate an ocean-
floor affinity for "more primitive" basalts and gabbros, and island arc 
affinity for the "more differentiated" ones. Apparently, the Eastern 
Mediterranean ophiolites e.g. the Troodos, Vourinos, Pindos and Othyrs 
amongst others, also plot into the island arc tholeiite fields of these 
diagrams (Pearce, 1975; Beccaluva et al, 1979, 80; Upadhyay and Neale, 
1979). 
La vs. Nb diagram of Saunders et al (1980) in Fig. 4.17 suggests that 
the La/Nb ratios of the Polusagi basic rocks are similar to ocean-floor 
basalts with some tendency towards island arc tholeiites. The same 
observation is made when the P content is considered e.g. in the P 0 vs. 2 5 
TiO diagram of Hawkins (1980). 
2 
Thus, it is clear that the Polusagi tholeiitic basalts and gabbros 
do not consistently show the major geochemical characteristics of either 
island arc tholeiites or ocean-floor basalts, but exhibit transitional 
chemical properties inbetween the two tectonic environments. Especially 
the low Cr on Ni contents of "more differentiated" basalts and gabbros 
and higher Cr and Ni contents of "more primitive" basalts and gabbros 
favour a transitional tectonic environment, one which evolves from the 
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ocean-floor environment into the early stages of an island arc tectonic 
setting in the Tethyan ocean floor. 
4.3.3 A discussion 
Until recently, it was widely held that ophiolites represented 
abducted oceanic crust formed at mid-ocean ridges (See Coleman, 1977, for 
a review). However, mid-ocean ridges are not the only locations where 
oceanic crust can be generated. It can also be generated at back-arc basin 
(marginal basin of Karig, 1971) spreading centres, island arcs, intra-plate 
volcanic centres, transform faults that have a dilational component of 
motion etc. In recent years the idea that some, if not most, ophiolitic 
complexes were formed in back-arc basins has been gaining popularity 
(Dewey and Bird, 1971; Dewey, 1974, 76; Pearce, 1975; Saunders et al, 
1980; Hawkins, 1980; Upadhyay and Neale, 1979). Some ophiolites can also 
form at the base of island arc complexes (Jakes and Gill, 1970; Ewart and 
Bryan, 1979; Miyashiro, l973,75a,b,c; Hawkins, 1980) or in island arc/ 
marginal basin systems (Pearce, 1975,80). 
Dewey (1974) and Hawkins (1976) have suggested that the lithosphere 
of marginal basins is more likely to be abducted than normal ocean-floor 
lithosphere because of the more buoyant nature of the mantle under back-
arc marginal basins. This view is supported by Saunders et al (1979) on 
the basis of greater chance of arc-arc and arc-continent collision than 
that of continent-continent collision. 
So, the tholeiitic nature and strong geochemical affinities of the 
Polusagi basic rocks to ocean-floor basalts and island arc tholeiites 
does not necessarily imply an original tectonic site such as mid-ocean 
ridges for generation, since basalts, chemically very similar to mid-
ocean ridge basalts, have been recovered from back-arc basins where 
similar ocean-floor spreading takes place. In the back-arc basins, some 
island arc tholeiites have geochemical overlap with the back-arc basin 
basalts which in turn are very much like mid-ocean ridge basalts (Hawkins, 
19;:()). 
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The island arc tholeiitic series has been postulated to be 
characteristic of the early stages of arc evolution (immature island arcs) 
that would form part of the root zone of island arc complexes (Jakes and 
Gill, 1970; Gill, 1970; MitchellandReading 9 1971; Ewart and Bryan, 1~7~; 
Miyashiro, 1974,75a,b,c; Hawkins, 1980). 
Therefore, what may have initially appeared as a geochemical conflict 
that the Polusagi basic rocks exhibit island arc tholeiitic as well as 
ocean-floor basaltic characteristics can be explained by a tectonic 
setting in the Tethyan ocean which involves a marginal basin plus an 
immature island arc system. 
4.3.4 Further considerations of the tectonic setting 
In recognising the above proposed tectonic environment for the 
formation of the Polusagi rocks, only the basic igneous members have been 
considered so far. Additional support for this proposition can be gained 
by considering the other differentiation products and rock types in the 
area. 
It was shown in detail in Chapter two that the Polusagi pillowed and 
massive lavas are associated and inter1ayered with sedimentary and 
pyroclastic formations. This is an invariable common feature of the 
higher levels of ophiolitic complexes and such successions are not known 
to exist on any of the present-day major ocean-floors (Upadhyay and 
Neale, 1979). On the other hand some of the present-day marginal ocean 
floors indicate several seismic layers that may be interpreted as 
analogous to the observed sedimentary/volcanoclastic successions at the 
top of the ophiolite complexes (see Upadhyay and Neale, 1979, for 
references), probably indicating the existence of nearby arc complexes 
or an island arc. 
Polusagi tholeiitic rock suite is mostly andesitic. Out of 129 
analy!-!ed lavas and hypauyssal rocks ~>3 rocks are basic ( 46 basalts, 7 
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gabbros), 57 rocks are andesites and 19 rocks are acidic (14 dacites and 
5 plagiograni tes). Even if a silica content of 54% was adopted to 
divide the basalts and andesites, a large proportion (51 out of 129) of 
rocks would still be andesitic or acidic. Such large proportions of 
differentiated rocks are not known to occur either in marginal basin or 
mid-ocean ridge type tholeiitic assemblages. Although silicic rocks have 
been recovered from ocean-floors (Engel and Fisher, 1975; Coleman and 
Peterman, 1975), their proportions to basaltic rocks, to date, are very 
small. On the other hand, island arc tholeiitic rock assemblages have 
much larger proportions of differentiated magmatic products (e.g. 
Miyashiro, 1974). 
In general, immature island arcs tend to have larger proportions 
of tholeiitic basalt, while more mature island arcs are richer in 
andesite (Baker, 1968). In Fig.4.18 the proportions of volcanic rocks 
in the South Sandwich island arc, which is considered to be immature, and 
the Lesser Antilles, which represent later stages of island arc evolution 
(Baker, 1968) are compared with those of the Polusagi rock suite. Fol' 
this comparison, the Polusagi rocks have been re-classified on the same 
basis (basalts have SiO <.54% etc.). The rock type proportions of the 
2 
Polusagi rock suite and the immature South Sandwich island arc are 
evidently very similar. 
Current theories of plate tectonics relate the island arc volcanism 
with trenches, back-arc basins and oceanic crust descending into the 
upper mantle along the Benioff zones (see Chapter five, 5,1). It has 
been shown by many workers that island arc volcanic rocks become more 
alkalic across the arc as it moves towards the adjacent continent with 
the arcvs development in time (Kuno, 1959,60,66; Sugimura, 1960,68; Jakes 
and White, 1972). The well known total alkali vs. SiO diagram of Kuno 
2 
(1959), Fig.4.6, makes use of the observation that at a given Si02 there 
is a continuous increase in the alkali content of the island arc volcanic 
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rocks from tholeiitic to high-alumina to shoshonitic rock series. Kuno 
(op cit) also showed that in the Pacific volcanic arcs, these three rock 
series appear to occur above earth4uake foci of depths 100 ki11, 100-:200 k.m 
and 200 kJn respectively. A later study on the Kurile volcanic arc 
showed a similar trend (Gorshkov, 1969). Hatherton and Dickinson (1968, 
69), Dickinson (1968) and Dickinson and Hatherton (1967) related K
2
o 
content of the volcanics at a given Si02 value, rather than the total 
alkali, with the depth of the Benioff zone and suggested that the K2o 
content increased more regularly with increasing depth of the Benioff zone 
beneath the point of eruption. Ninkovich and Hays (1972), in addition to 
the K20 content, showed that Rb could also be used to estimate the depth 
of the Benioff zone beneath the island arcs. They produced curves of 
equal earthquake focal depths based on the previous works in the Indo-
Pacific region. Figs.4.19a and 4.19bshow the trends of K2o and Rb 
contents of the Polusagi volcanic rocks, respectively. As expected from 
a tholeiitic island arc volcanic rock series, the diagrams suggest 
relatively shallow depths for the Benioff zone, around or below 120 km. 
Another interesting observation is that although the volcanic rocks from 
the Indo-Pacific region and the Tyrrhenian and Aegean sewall show 
increasing K20 and Rb contents with increasing Si02 (Ninkovich and Hays, 
1972), the Polusagi volcanics display decreasing K
2
o and Rb trends with 
increasing SiO , thus suggesting shallowing depths above the assumed 
2 
downgoing Tethyan oceanic crust. The trends cannot be solely due to 
mobility,and the decreasing depth with differentiation i.e. rising magma 
is consistent with the ideas put forward in the next chapter. Therefore, 
it is concluded that the Polusagi volcanics were erupted above the Benioff 
zone which was probably not deeper than 100-120 km from the point of 
eruption. 
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Chemical comparison with rocks from known tectonic settings 
and from ophiolites 
1.3.5.1 IntroducLion 
Since the Polusagi rock suite is proposed to have formed in a 
Tethyan marginal basin-island arc complex, it will be useful to compare 
chemically the rock types with similar rocks elsewhere in the world. To 
do this, chemical analyses of similar rocks have been selected firstly 
from present day marginal basin and island arc tholeiitic rock series 
where the tectonic settings are known; and secondly from ophiolite 
complexes and especially from the Tethyan ophiolites of the eastern and 
western Mediterranean. The comparative data taken from various sources 
and all recalculated to 100% on a volatile free basis, total iron being 
represented as Fe
2
o
3
, is given in Table 4.3. 
4.3.5.2 Chemical comparison of the basalts with those from known 
tectonic settings 
Since the "more primitive" (MP) basalts show stronger chemical 
affinity towards ocean-floor tholeiites and the "more differentiated" 
(MD) basalts towards island arc tholeiites, they are respectively 
compared with present day marginal basin basalts and island arc tholeiites. 
In a similar fashion to Pearce (1980), all data were normalised to the 
average mid-ocean ridge basalt (MORB) composition and similarly plotted 
on logarithmic scale, such that all comparisons are relative to average 
MORB composition. 
The present back-arc (marginal) basins have received much attention 
in recent years. Basaltic rocks recovered from marginal basins like the 
Mariana (Hart et al, 1972), Lau (tmwkins, 1976), Parace Vela (Ridley et 
al, 1~74), South Sandwich and Drake Passage (Tarney et al, 1977; Saunders 
and Tarney, 1979) have been relatively well studied. Average chemical 
analyses of basalts from these basins and the MP basalts are compared in 
'l'A3LE ~± • J 
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Fig.~.20 Geochemical patterns of some present day marginal basin and 
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Fig. 4.~0. Chemical patterns displayed by the marginal basin basalts are 
in good general agreement with that of the MP basalts, Although they are 
all chemici1lly very similar to MORB, the following distinctive features 
are apparent: 
1) The Polusagi MP basalts are very similar to basalts fro~ the 
South Sandwich spreading centre, the South Sandwich back-arc basin, the 
Drake Passage spreading centre and the Mariana basin. Relative to 
average MOHB, they are all enriched in the immobile elements Nb, La, Ce 
and P as well as in the alkali elements Sr, K, Rb and Ba, and all 
depleted in Cr and Ni. The average Na contents of all basalts are higher 
than MORB average. 
2) The MP basalts tend to be less depleted in Cr and Ni and more 
enriched in Nb, La, Ce, P and the alkali elements than the marginal basin 
basalts. The basalts from the marginal basins have similar or lower 
concentrations of MnO, Fe 0 and MgO as compared with the MOHB, but those 
2 3 
of the MP basalts are consistently higher. 
:3) The MP basalt average is similar in Si02 but lower in Al 0 when 2 3 
compared with either the marginal basin basalts or the MORB. 
4) Basalts from the Lau basin and the Parace Vela basin do not 
conform with the above general pattern and show much closer chemical 
similarities with the MORB average. This could be a manifestation of the 
longer history of these basins, as basalts from basins having a relatively 
longer history tend to be chemically much closer to MORB (Tarney et al, 
1977). The Polusagi ~W basalts, being formed during the early stages of 
the development of a Tethyan marginal basin-island arc complex, show 
closer chemical affinity with basalts from the younger basins. 
Average chemical analyses of island arc tholeiites from St. Kitts 
in the Lesser Antilles (Brown et al, 1977; Hawkesworth and Powell, 1980), 
from the South Sandwich islands (Baker, 1968,78) and Eua in the Tongan 
Islands (Ewart and Bryan, 1972) are compared with the Polusagi MD basalts 
- ·-··--·---···· -----------
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Fig.~.21 Geochemical patterns of some present day island arc tholeiites 
as compared with the 11 more differenti0lted11 • 
e : Polusagi - "more differentiated" basalts 
c :St. Kitts 9 Lesser Antilles 
I'll :South Sand~vich Islands 
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in Fig.4.21. In general, present day island arc tholeiites have lower 
Zr, Nb, Y, La, Ce and P
2
o5 contents than the average MORB, a feature not 
exhibited by the MD basalts. Although the Polusagi MD basalts display 
the r.har."\cteristic low Cr and Ni concentrations of island arc tholeiites, 
they have much higher concentrations of Nb, Zr, Y, La, Ce, P205 , Ti02 , 
MnO, total Fe, l\lgO and Na2o than both the island arc tholeiites and the 
MORE. This feature seems to be distinctive of the Polusagi MD basalts 
and may be a result of the MD basalts being formed close to the spreading 
ridge in the Tethyan marginal basin with a fast spreading rate, as 
suggested by Pearce (1980) for some Tethyan ophiolitic lavas exhibiting 
island arc tholeiitic characteristics. 
The MD basalts have similar Si02 but lower Al 0 and K 0 contents 2 3 2 
than the present day island arc tholeiites. The alkali elements Sr, Ba. and 
Hb do not show a systematic pattern; variations being within the 
variations of other island arc tholeiites. 
4.3.5.3 Chemical comparison of the basalts with ophiolitic basalts 
That the Tethyan ophiolites in the Mediterranean area fall into two 
distinct groups on the basis of pronounced chemical and petrological 
grounds is well established (e.g. Rocci et al, 1975; Beccaluva et al, 
1977; Beccaluva et al, 1979, 80; Laurent et al, 1980; Pearc"-', '1980; 
Cameron et al, 1980). These are now briefly considered: 
Group I -Western Mediterranean ophiolites: These ophiolites, such 
as those of Corsica, the Northern Apennines, Calabria and the Eastern 
Alps, are of early to middle Mesozoic age. The extrusive sequences 
represent Tethyan oceanic crust formed either at oceanic ridges or in 
marginal basins or incipient oceans. Intrusive complexes are mainly 
composed oJ gabbroic rocks, and scarce plagiogranites. 
Group II - Eastern Mediterranean ophiolites: These ophiolites, like 
those of Vourinos, Greece; Troodos, Cyprus; Ba.er Bassit, Syria and the 
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Semail Nappe, Oman; are of upper Cretaceous age, Their extrusive 
sequences range from basalts to rhyolites, with abundant basaltic 
andesites. The basic members show only lovJ iron and titanium 
enrichment. The intrusive complexes consist oi well developed ult.i·a-
mafic cumulates (dunite, clinopyroxenite, olivine-clinopyroxenite), 
gabbroic rocks and relatively abundant diorites and plagiogranites. 
The tectonic setting for the eastern Mediterranean ophiolites is 
controversial, a point which is highlighted by the controversy over 
Troodos (see Miyashiro, 1973,75 a,b,c; Hynes, 1975; Moores, 1975; Gass 
et al, 1975). Three theories for the origin of the Troodos ophiolite 
complex have been put forward: 
a) Mid-ocean ridge environment (e.g. Moores and Vine, 1971; Gass 
and Smewing, 1973) 
b) Marginal Basin environment (e.g. Pearce, 1975; Sun and Nesbitt, 
1978; Sun et al, 1979) 
c) Island arc environment (Miyashiro, 1973) 
There are serious objections to the conventionally accepted theory 
of a mid-ocean ridge spreading centre origin for Troodos both on 
petrological grounds (Cameron et al, 1980) and chemical grounds 
(Miyashiro, 1975 a,b,c; Beccaluva et al, 1977; Pearce, 1980). 
It has been generally recognised in recent years that the Troodos, 
Vourinos and Semail Nappe, Oman,ophiolites are chemically affiliated to 
island arc tholeiites and marginal basin basalts. Alabaster et al (1980) 
recognise that the lowermost lavas (the Geotimes Unit) of the Oman 
ophiolite have ocean crust characteristics while the upper Lasail and 
Alley Units have island arc tholeiite characteristics. They propose an 
"island arc" component in an incipient arc-basin complex setting for the 
formation of these rocks. According to Beccaluva et al (1979 ), the 
Troodos and Vourinos ophiolites include island arc tholeiites and were 
probably formed in or near immature arcs by spreading processes above a 
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subduction zone, while Pearce (1975) sees the relationship between the 
Lower pillow-lavas and the Upper pillow-lavas of Troodos as a transition 
from marginal basin basalts to island arc tholeiites. Pearce ( 19<,•) 
extends his interpretation of the Troodos complex to the "ophiolitic" a.lld 
the overlying "non-ophiolitic" upper Cretaceous lavas in general for all 
the Tethyan ophiolites. 
In Fig. 4.22 the Polusagi MP basalts are compared with the extrusives 
of western Mediterranean ophiolites and with the basalts from the 
Sarmiento ophiolite in Southern Chile, which is similarly thought to have 
formed in a marginal basin (Jurassic) by Saunders et al (1979). The 
chemical pattern of the Polusagi MP basalts is expectedly similar to those 
exhibited by the basalts from these ophiolites. It is also noteworthy 
that the patterns in Fig.4.22 are very similar to those exhibited by the 
modern marginal basin basalts shown in Fig.4.20. Nevertheless, as was 
the case against the modern marginal basin basalts, the Polusagi MP 
basalts are in general richer in Mn, Fe, Mg and Ca and poorer in Na, P, 
Zr and Ti concentrations than the ophiolitic basalts with which they are 
compared. 
The Polusagi MD basalts are compared with the basalts from the 
eastern Mediterranean ophiolites, including the Lower and Upper pillow-
lavas of Troodos, Vourinos (Krapa and Aspro) and with tholeiitic rocks 
from NE Turkey, which Egin et al (1979) interpret as the product of 
upper Cretaceous island arc volcanism, the Pontid 1 arc 1 , in Fig. 4.23. 
It is apparent that the rocks from the compared areas are generally 
depleted in Nb, La, Ce, P, Zr, Ti, Y, Mn, total Fe and Mg as compared 
with MOHB and with the Polusagi MD basalts which show considerable 
enrichment in these elements even relative to MORB, The Cr and Ni values 
of the MD basalts are similar to those of the Troodos Lower pillow-lavas, 
Krapa (Vourinos Ophilite Complex) and the Pontic arc tholeiites, but are 
much lower than those of the Troodos upper pillow-lavas and 1\sprok:nnpo 
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(Vourinos), The lavas from the Troodos Upper pillow unit and Asprokampo are 
also distinctive in having the most depleted Ba, Nb, La, Ce, P, Zr, Ti, 
Y a.nd the highest Cr and Ni concentrations in the group of lavas 
considered, and this is in complete contrast to the Polusagi MD basalts. 
Thus, although island arc environments have been suggested for the origin 
of the Vourinos and Troodos Upper pillow lavas, this cannot be a viable 
environment for the generation of the Polusagi MD basalts as far as the 
immobile element concentrations are concerned. Other element 
concentrations of the Polusagi MD basalts such as Na, Ca and the alkali 
elements, are comparable to the other lavas under consideration. 
4.3.5.4 Chemical comparison of the Polusagi andesites and dacites 
The average chemical compositions of the Polusagi basaltic 
andesite, acid andesite and dacite and of similar rocks from the Pontid 
arc, NE Turkey, and modern island arcs are presented in Table 4. 3. The 
essential features of the comparison of these chemical analyses are very 
similar to those observed while comparing the Polusagi basalts with their 
modern and past counterparts. On the whole the Polusagi andesite 
averages seem to be much richer in Mg, Na, Ti, P, Nb, Zr, Y, La and Ce, 
much poorer in Ca and poorer in Al and K than similar rocks from tholeiitic 
suites of island arcs; other elements being comparable. The Polusagi 
dacites follow a similar pattern to the andesites when compared with 
dacitic members of the same rock suites. 
4.3.5,5 Conclusion 
The most basic volcanic rocks of the Polusagi suite, the MP basalts, 
show very similar and comparable chemistry to modern marginal basin 
basalts and basalts from the western Mediterranean Tethyan ophiolites. 
These basalts are all enriched in alkali elements (K, Rb, Ba and Sr), Nb, 
La, Ce, P and Na, !Jut depleted in Cr, Ni and Ca relative lo MOIW. Further-
more, the Polusagi basalts are enriched in Mg, Mn and Fe as compared with 
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MORB. However, as the composition of the Polusagi volcanics moves to more 
acidic compositions (by fractional crystallisation, Chapter five, 5,3 and 
=J. 5) 1 soznr=' di~::;t i nc-tJ.ve and systematic ch~mica.l differences are observed 
when they are compared with the equivalent or comparable rock types from 
modern and past island arc tholeiite suites : The Polusagi volcanic rocks 
are richer in 1\!g, Na, Ti, P, Nb, Zr, Y, La and Ce and poorer in Al, Ca 
and K contents. 
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CHAPTER FIVE 
ORIGIN AND PETROGENESIS OF THE POLUSAGI THOLEIITIC MAG~~ 
5. l Introduction 
The current theory of plate tectonics propose::; that the island arc 
rock suites are typical of collision boundaries, and island arcs are re-
lated to zones of subduction. Along the oceanic trenches where the 
oceanic crust is thrust under another section of the oceanic crust which 
may include continental crust to greater or lesser extents, a complex 
process of tectonic and magmatic activity occurs. A major role in this 
process has been advocated for the downgoing oceanic slab in explaining 
the origin and development of island arc magmas. In addition, the loc-
ation of the subducted oceanic plate is generally assumed to be coin-
cident with the earthquake zone, or Benioff zone. 
The downgoing oceanic crust is initially cold relative to the upper 
mantle at the subduction zone, and this may be a contributing factor to 
its descent (Ringwood, 1972). To explain the heat source which is nee-
essary to provide the melting and magmatic activity which gives rise to 
island arc volcanism and spreading in back-arc basins, two processes 
have been proposed (Fig. 5.1): 
a) Frictional heating model (e.g. Matsuda and Uyeda.l971): This 
model assumes that large quantities of heat are being generated along the 
slip zone and the heat is effectively transformed into the mantle, causing 
partial melting and the rise of magma plumes. This model finds it nee-
essary that heating takes place at depths greater than 60 km. from the 
surface. 
II II 
b) Secondary flow model (Sleep and Toksoz, 1973; Toksoz and 
Bird,l977): This model assumes that the upper mantle wedge above the sub-
ducted oceanic slab is capable of sustaining convective flow forced by the 
descending slab as shown in Fig.5.1. This way heat from the lower parts 
of the mantle is transferred to shallow depths, tensional force is exerted 
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at the bottom of the crust in the back-arc area which leads to the opening 
of the basin by spreading. 
The explosive nature of island arc volcanism, as seen in the abund-
ctH.ce of 11y1·ucla.~tic rocks a11d the occurrence or hydrous miner.J.l.~ in island 
arc rock suites, as well as other petrogenetic considerations (see e,g, 
Ringwood, 1974,77), suggests that water must have played an important role 
during the production and evolution of island arc magmas. Yet the water 
contents of the mantle is thought to be low and around o .1% (Ringwood, 1975). 
Thus an alternative source for the required amounts of water is necessary. 
It is generally agreed that this water is provided by the subducted oceanic 
crust (Ringwood, 1974,77; Arculus, 1973). 
The structure of oceanic crust is generally compared with those of 
fully developed ophiolite sequences. It is believed to be composed, from 
top to bottom, of sediments (layer 1) 9 basal tic flows and pillow-lavas 
(layer 2) passing down to the upper mantle through dyke swarms and layered 
gabbros (Davies 9 1971; Cann, 1970). The layer 2 basalts are normally meta-
morphosed to greenschist facies. As subduction begins, the sediments of 
layer 1 would probably be scraped off (Dewey and Bird,l970). The "wet" 
greenschists of layer 2, upon subduction into the mantle, would transform 
into amphibolites releasing water and volatiles. It is at this stage of 
the process that the role of the water, driven off the subducted oceanic 
crust, may be crucial in the development of island arc magmas. For inst-
ance, Hill and Boettcher ( 197o) have shown that if PH1.0 approaches P total 
at mantle pressures, considerable quantities of silicate melt would be 
produced. The process of dehydration of descending oceanic crust can take 
place up to a depth of 100 km according to Wyllie (1973), or at a range of 
80-100 km according to Ringwood (1977). Amphibolite would decompose at 
qreater depths and thi::;, Fitton (1971) .'SUQfJC!'its, would lead to the gener-
ation of i::;Jand arc tholeiitic magmas. However, there is evidence that 
magmas givir1g rise to island arc volcanism can be generated at depths 
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greater than 100 km , extending sometimes to 150 km. (Ringwood, 1 gil). 
Because amphibolite would break down before reaching such great depths, 
some different "carrier" of water to such depths must be operative, and 
capable of taking water to depths well above 100 km. 
Although the mechanism for the generation of island arc magmas is 
still debated 9 there seems to be a general agreement that such magmas, on 
the whole originate either from the mantle wedge overlying the subducted 
oceanic slab, or from the oceanic slab itself, by partial melting. Brown 
et al (1977) 9 studying the geochemistry of the Lesser Antilles volcanic 
island arc, suggest partial melting of subducted oceanic crust for the 
origin of the calc-alkaline and tholeiitic rocks of the southern magmatic 
suite (Dominica and St.Kitts islands respectively). On the other hand, 
they propose partial melting of a garnet lherzolite source for the origin 
of the northern (Grenada) magmatic suite of the island arc. Gill (1970) 
extends Green and Ringwood's (1968) suggestion that calc-alkaline magmas 
represent the partial melts of a downgoing slab, and puts forward the 
same mechanism for the generation of the tholeiitic and shoshonitic magmas 
of the Viti Levu island arc. A similar proposal for the origin of island 
arc magmas come"! from Fitton (1971). Variations in island arc magma com-
positions may be due to the degree of interaction of the two source re-
gions i.e. the mantle wedge and the subducted slab. Alternatively, a two 
stage magma generation may be operative as suggested by RingWJad ( 197ll, 77), 
providing explanations for the diff(~rences observed during the development 
of island arcs in space and time {see section 4. 3 .l). Ringwood {op cit) 
proposes, on the basis of work by Nicholls and Ringwood (1973) 9 that at a 
depth interval of 80-100 km 9 a large amount of water is released from the 
descending .slab by dehydration of amphibolite and by partial dehydration of 
serpentinite. This water rises into the upper mantle wedge causing a 
"drastic decrease in viscosity", partial melting and uprise of the "pyrolite" 
from the Benioff zone. Thus partial melting occurs under high water 
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pressures leading to the generation of hydrous tholeiitic magma. This 
magma, by separation mainly of olivine but also of pyroxene and possibly 
amphibole, produces the island arc tholeiitic rock series, during the early 
~tages of i.slund arc dcvcloprno:nto 1\n importa11t feature: uf this stage is 
that the subducted oceanic slab contributes mainly water to the mantle 
wedge, together with very small amounts of silica. In the second stage, or 
the mature phase of island arc magmatism, oceanic crust will be converted 
into quart~logite at greater depths. Partial melting of quartz-ecologite 
will then occur under high water pressures and above about 750°C, leading 
to the generation of calc-alkaline magmas. 
The origin of andesites and andesitic magmas has also been a matter 
of considerable debate: are they partial melts from the upper mantle, or 
are they lower pressure differentiation products of basaltic melts? 
Kushiro and Yoder (l969)and Kushiro ( 1972) maintain that andesitic and 
dacitic magmas might be produced by partial melting of upper mantle under 
high water pressures at depths ranging from 70 km to 100 km. Thus they 
imply that andesites and dacites can directly be produced at Benioff zones 
as a result of introduction of water into the mantle wedge. Mysen and 
Boettcher (1975) hold a similar view that andesitic liquids can be formed 
by partial melting of mantle peridotite at least up to 25kbars under 
hydrous conditions. On the other hand, for example, Nicholls and Ringwood 
(1973) conclude their experiments by stating that it is improbable that 
andesitic and dacitic magmas (60-65% Si02 ) can be produced as primary 
magmas by direct partial melting of mantle at depths greater than 4!J km. 
Instead, these authors suggest that it is possible to produce magmas with 
compositions varying from olivine-tholeiite to quartz-tholeiite by par-
tial melting of mantle under water saturated conditions at a depth range 
'i0-100 km. Such magmas, upon ascent 9 can differentiate to basaltic andesite 
or even to andesite (maximum 58% Si0 2 ) by olivine fractionation. Further 
fractionation into more acidic compositions can be governed by separation 
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o£ amphibole + pyroxene and, at very low pressures, plagiocla~ may become 
a dominant fractionating phase (Nicholls and Ringwood, 1973 ). 
5,2 Origin of the Polusagi m~gma 
must be considered as possible mechanisms £or generation of the Polusagi 
magma: a) Partial melting of an upper mantle wedge, b) Partial melting 
of a mafic oceanic crust subducted along a Benioff zone, , 
It was pointed out earlier (section 4. 4.1) that the most basic 
volcanic members of the Polusagi rock suite, the "more primitive" (MP) 
basalts, are similar in composition to the basalts from marginal basins 
and mid-ocean ridges, but have similar or higher incompatible element 
concentrations. This suggests that, if the MP basalts are the products 
of melting of an oceanic slab, then the melting could not have been 
complete. On the other hand, the MP basalts have similar or lower Si02 
and higher MgO contents than the oceanic tholeiites. In all experi-
ments, whether under dry or hydrous conditions, the partial melts pro-
duced from basaltic compositions are consistently more silicious than the 
parental material (Green and Ringwood, 1967). In order to get partial 
melts from the subducted oceanic crust with similar Si02 contents, the 
melting must be either complete or nearly so. This is in total contra-
diction to the suggestions made by the incompatible element abundances. 
Furthermore, it is hard to envisage a partial melt of the oceanic slab 
giving rise to magmas having more MgO than the oceanic tholeiites, 
The above arguments assume that the MP basalts represent relatively 
unmodified partial melts of the source rock (see section 5.4. for discu-
ssion). Even when it is assumed that the MP basalts represent basaltic 
liquids modified af.ter fractional crystallisation of mainly olivine, there 
are serious difficulties, Although the relatively higher concentrations 
o£ the incompatible elements in the MP basalts can, then, be explained as 
being due to fractionation (mainly olivine) of the partial melts of the 
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oceanic slab; the same process cannot explain the higher HgO contents of 
the MP basalts. The MP basalts are aphyric rocks and do not contain 
cumulus olivine or its pseudomorphed forms, Therefore the high MgO con-
tent is not due to "cumulus;; olivine. Since the fractionation would ue-
plete the residual "modified" 1 iquids in Mg0 9 it follows that the MP 
basalts must have had even higher MgO contents in their "unmodified" 
forms. This again points towards a source rock whose partial melts contain 
MgO values \vell above those of oceanic tholeiites. In conclusion, partial 
melting of a source rock9 poorer in Si02 and richer in MgO than the 1'-lP 
basalts i.e. upper mantle, must be proposed for the origin of the Pol-
usagi basaltic magma. 
So far, only the origin of the MP basalts has been discussed. As 
pointed out earlier, all the rock types in Polusagi from basalts to 
dacites, could conceivably be produced by direct partial melting of the 
upper mantle. However, all the rock types in Polusagi are mineralogically 
and chemically gradational 9 and all the samples come from a relatively 
restricted area. Therefore 9 it is reasonable to assume that the other 
rock types are also of upper mantle origin, representing either a) diff-
erent partial melts of the upper mantle or b) products of fractional 
crystallisation of a mantle partial melt. The possibilities will now be 
examined. 
5.3 Fractional crystallisation vs. progressive partial melting 
Progressive partial melting of upper mantle would produce variations 
in incompatible trace element concentrations in the melts, depending on 
the degree of partial melting. O'Hara (1968) has shown that variations 
in the amount of initial partial melting of a peridotite source may pro-
duce a variation in the incompatible trace element abundances by a factor 
of J for melts within the range 0 - J% of the source. Fig. 5.2 ill-
ustrates the enrichment factors resulting from an increasing amount of 
partial melting of a peridotite source. Generally the initial concen-
tractions of the incompatible trace elements, resulting from a small 
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Fig.5.2. Variations in the partial melt composition and enrichment 
factors of incompatible elements as a result of melting of a 
garnet lherzolite source (after O•Hara. 1968) 
Five main stages are: 
1) Extreme enrichment in incompatible trace elements with small 
amount (~1%) of partial melting between temperatures 1 and 2. 
2) Between temperatures 2 and J, a sharp increase in the amount of 
liquid to 2-5%. Major element concentrations are strongly controlled 
by the major solid phases present and substantial variations in the 
Fe/Mg/Ni, C~Na and Al/Cr ratios are expected within a small temp-
erature interval(~ 10°C). A marked dilution of incompatible trace 
element abundances takes place so that their absolute concentrations 
and ratios to major oxides vary rapidly but ratios to each other vary 
only slightly. 
3) This stage between temperatures 3 and 4 is marked by a sharp rise 
in the volume of liquid to 15%. Very marked dilution, by a factor of 
4 9 of the incompatible trace elements occurs 'lli th rising temperature 11 
but only small changes in the ratios behreen them or in the ratios 
between the major elements. 
I~,) Gradual increase in the volume of liquid with gradual dilution 
incompatible trace elements. Concentrations of Mg0 9 Fe0 and Si02 increase with dilution of C~9 Al 0 and Na 0 leaving residual 2 3 2 harzburgite mineralogy. 
5) Continuing increase in the volume of liquid and dilution of 
incompatible trace elements, leaving residual dunite mineralogy. 
of 
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degree of partial melting, will be relatively high. These concentrations 
will be diluted by progressive partial melting at the same pressure, 
though the enrichment factor may not have an inverse linear relationship 
to the degree of partial melting. If the effects .-• ...C' Ui possible fractio11-
at ion can be disregarded, it seems possible, as a first approximation, 
to relate the trace element abundances to the initial variations in the 
melt composition, which in turn might reflect the degree of partial melt-
ing of the mantle source. 
The Mg-rich end members of the solid solution series minerals in 
the upper mantle would melt at higher temperatures than the Fe-rich end 
members of the same series. Consequently, those initial partial melts, 
relatively small in volume percentage and lower in temperature of mel ting
1 
would be comparatively richer in Fe and poorer in Mg. This would mean 
that the Fe/Mg ratios of the initial partial melts would be higher than 
those o:f progressively later melts. representing higher degrees of 
melting at higher temperatures. Another expected result of such a pro-
gressive partial melting would be the association of high Fe/Mg ratios 
with high incompatible trace element abundances. 
The abundances of Zr, an incompatible element, in the Polusagi 
rocks show a positive correlation with Fe/Mg ratios (Fig.5.J). If 
progressive partial melting was responsible for the chemical variations 
in the Polusagi rock suite, then the acidic members must represent the 
first upper mantle partial melts, and the intermediate and basic members 
progressively increasing volwnes. Production of andesitic and dacitic 
compositions by direct partial melting of the upper mantle is considered 
tmssible by some workers, under hydrous conditions. However, it is un-
likely that compositions as silicious as some of the acidic members of 
the Polusagi rock suite (e.g.P65 9 Si02 = 69.91%; P223, Si02 = 73.19%; ~nd 
69.61%; all group A rocks) can be produced in such a way, 
especially at depths >40 km (Nicholls and Ringwood, 1973). The 
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correlation between Fe/Mg ratios and the incompatible trace elements can 
be better explained by a process of fractional crystallisation of an 
upper mantle partial melt with a composition not far from the average 
COillpO.SitiOi"l Of the r-'olusagi r-.trJ basaltso 
Considerations of the behaviour and abundances of Cr and Ni, which 
are considered to be immobile in the rocks concerned, and of the incom-
patible elements Ti and P mitigate against a progressive partial melting 
model and favour fractional crystallisation. The mineral/liquid partition 
coefficients of Cr and Ni (Table 5.1) indicate that these elements will be 
strongly partitioned into mafic minerals such as olivine and pyroxene. 
Consequently~ following the initial stages of progressive partial melting, 
Cr and Ni concentrations in the partial melts from the upper mantle will 
be relatively high, and especially Cr should vary very little (Pearce and 
Norry, 1979). Thus relatively high values of Cr and Ni should be ex-
pected, at least in the intermediate and basic members of the Polusagi 
rock suite. This is not the case, Cr and Ni values are high only in the 
most basic members, the MP basalts, and rapidly decrease towards basaltic 
andesite compositions. At acid compositions, Cr and Ni concentrations 
are very low and on average 11ppm and 0.2 ppm in dacites respectively. 
The data thus suggest that an initial partial melt of the upper mantle 
was followed by fractional crystallisation of mafic phases into which Cr 
and Ni were strongly partitioned. The chemical behaviour of these ele-
ments cannot be explained by a progressive partial melting model. 
Ti and P generally behave as incompatible elements (Sun and Nesbitt, 
1977, 78; Sun et al, 1979) and for initially small degrees of partial 
melting, these elements should be enriched in the melt. This is not seen 
in the Polusagi rocks, where the most acidic members which contain some 
of the highest concentrations of incompatible elements and high Fe/Mg ratios, 
have some of the lowest T and P concentration::;. 
It can now be concluded that, although a progressive partial melting 
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model can account for some of the chemical variations in the Polusagi 
rock suite, this model cannot account for all the variations. Instead, a 
r~del in which a basaltic partial melt of upper mantle origin has evolved 
through fractional crystallisation producing progressively more siliceous 
compo.::;i tions must be proposed. This model is capable of explaining the 
chemical variations in the Polusagi rock suite and asswnes that the r~st 
primitive i.e. least modified compositions of the rock suite are repre-
sented by the HP basalts and gabbros. These 'least modified' composi-
tions then may provide clues as to the degree of partial melting of the 
upper mantle. 
5.11 Partial melting of upper mantle in Polusagi 
5. 4.1 Partial melt composition 
A commonly used method to decide whether a basaltic liquid would 
be in equilibriwn with the mantle (in this case the mantle olivine) is 
provided by Roedder and Emslie (1970). They define the partition coef-
2+ ficient, KD 9 of Fe and Mg between the liquid and the olivine as follow~: 
(
Fe) (~r-tg_J ~ = Mg olivine x \Fe/ liquid 0 •3 
Therefore, if I<'e2+ and Mg contents of the mantle olivine can be 
. t d 2+ . est1ma e , the Fe and Mg contents of the partial melt in equilibr1um 
\vith the olivine can also be estimated by the above equation. Mysen 
(197~) asswnes that the mantle olivine has a Mg-nwnher (Mg 
Mn 
X 100) ( f 2+ ) 
+ Fe 
about 91. Coleman (1977), on the other hand, gives values mainly 
varying from 93 to 89.5 for olivines from ophiolite peridotites. The 
liquids which would be in equilibriwn 1vi th these mantle olivines would 
thus have Mg-numbers in the range 72 to 00. The MP basalts from Polusagi 
have Mg-numbers varying from 61 to 72 with an average of 67, while the MP 
gabbros vary from 68 to 80 and average 75. In these calculations, a fixed 
Fe3+/Fe2+ of 0.3 has been assumed (see section 3.1 ). Data on~' re-
ported by Nicholls and Loren?; (JrJ7J) determined at pressures of 2-10 kbars 
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and under hydrous conditions 9 suggests an average value of 0.4. This 
value requires the liquids in equilibrium 1rith the mantle olivine to have 
Mg-nwnbers ranging from 77 to 84. Whether the ~ assumes a value of 0.3 
ur Oo4 9 .i·t is clear that Lhe Cuiupositiort6 of the Polusagi I'-1P basalt6 and 
gabbros carmot have been highly modified by fractional crystallisation 
and can be taken as roughly approximating to the compositions of the 
mantle partial melts. Sun et al (1979) suggests that olivine-normative 
basalts from the mid-ocean ridges with Mg-numbers from 59 to 68 9 lower 
than those of Polusagi MP rocks, have experienced little fractional cry-
stallisation. Therefore for further discussion, it seems reasonable to 
treat the compositions of the MP basic rocks of Polusagi, especially 
those with very high Mg-numbers, as relatively little modified upper 
mantle partial melt compositions. 
5.4.2 Degree of partial melting 
It follows from the arguments raised in section 5.3 that the MP 
basalts and gabbros cannot have been products of a small degree of par-
tial melting as they contain high MgO and low incompatible trace element 
concentrations. This can be more closely examined using the CaD, Al 20 3 
and Ti02 contents as suggested by Sun and Nesbitt (1977) and Sun et al 
(1979). If the assumption that samples with high Ni and Cr concentrations 
and high Mg-numbers approximate to the primary liquids is correct, then 
the incompatible elements such as Ti and P offer a means of estimating the 
degree of partial melting necessary to produce these liquids. These 
authors suggest that as the degree of melting increases 9 Ti02 should de-
crease, and the ratios, CaO/TiO and Al 0 /TiO should increase up to 
2 2 3 2 
limiting values of 17 and 20 respectively, these being very close to 
chondritic values. Thus, at low degrees of partial melting of mantle 
( ~15%), practically all the Ti, but only a proportion of the Ca and Al, 
would go into the melt, the rest of theCa and Al being held in the 
residual phases such as pyroxene, garnet, plagioclase and spinel. As the 
proportion of melt increases, Ti concentrations would be diluted while Ca 
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and Al retaining phases would become progressively exhausted. Consequently, 
the Ca0/Ti02 and Al 20 3 
/Ti02 ratios would increase in the melt and continue 
increasing until all the Ca and Al is incorporated at high degrees of melt-
.At and /TiO , ---2 rat: los 
could not increase anymore, having reached limiting values of 17 and 2D 
respectively. Further increases in the amount of melting would dilute the 
concentrations of CaO, Al 20 3 
and Ti02 ,but the above ratios wJuld 
remain un-
changed. 
According to the above reasoning 9 primary MORB, having low Ti02 
(tU 0. 7%) 9 high A1 20 3 w 16%)and CaO (ru 12%), and high Al 20 3 /Ti02 (IU 20) 
and CaO/Ti0
2 
(tU17) ratios is generated by a large degree of partial melt-
ing (Ill 25%) of an upper mantle source. On the other hand basalts with 
high Ti0 2 (1\.ll. 5%), and low A1 20 3 /Ti02 (1\J 10) and CaO/Ti02 (ro7) ratios are 
generated by small degrees of partial melting (~15%)of a similar source. 
The Polusagi MP basalts and gabbros, all belonging to the least 
altered group of rocks i.e. group A (section 3.3.2 ), are plotted in Sun 
and Nesbitt - type diagrams in Figs. 5.4a and 5.4b. The MD basalts and 
gabbros are included in the diagrams for comparison. The MP basalts plot 
into or around the MORB field but the MP gabbros generally plot outside, 
and some of them have Ca0/Ti02 and Al 20 3 
/Ti02 ratios well above the chon-
dritic limiting values, 17 and 20 respectively. They may merit separate 
interpretation. However, before doing this, it must be noted that these 
diagrams were originally designed to show the effects of different degrees 
of partial melting on the MORB compositions; and it is already pointed out 
(section 5.3 ) that the Polusagi rock types are related to one another by 
fractional crystallisation (section 5.5 ). Thus the trends shown by the 
basic Polusagi rocks in Figs. 5.4a and 5.4b , which agree fairly well 
with the MORB trends, should not be taken as due to varying degrees of 
partial melting, but due to varying degrees of fractional crystallisation 
(see section 5.5.2 ). Although the MP basalts and gabbros are relatively 
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little affected by fractional crystallisation processes as a group, their 
least modified members will, therefore, be taken to estimate the degree of 
partial melting of the upper mantle. 
and CaO/Ti02 and Al 20 3 
/Ti02 ratios, about 17 in each case. These are 
coupled with the lowest Zr (56 ppm) 9 Nb (Jppm), Y (21 ppm), TiO (0.84%) 2 
and P20 (0.09%) abundances and the highest Ni (213 ppm) and Cr (45~ ppm) 
5 
concentrations found in all the group A basalts. This sample thus seems to 
be the least modified and represent a mantle partial melt with a high 
degree of melting, probably around 25%. 
The MP gabbro sample, P279B 9 seems to be the least modified gabbro 
sample, containing the lowest Zr (19ppm), Nb (Jppm), Y (16 ppm), La (lppm), 
Ce (H ppm), Ti02 (0.46%) ,P205 (O.ll%) and total iron (Fe2o3 = 8.12%) con-
centrations and the highest Mg-number (00), the last being the highest in 
the Polusagi rock suite. The CaO/Ti02 and A1 20 3 
/Ti0
2 
ratios of this 
sample are very high, 24 and 37 respectively. When compared with P214, 
these chemical features suggest a higher degree of partial melting but 
this is not thought to be the case. Sun and Nesbitt (1978) point out that 
such high CaO/Ti02 and A1 20 3 
/Ti02 ratios cannot be generated by variable 
degrees of partial melting of mantle, as they are well above chondritic 
values. When compared with P214, P279B does not have particularly 
higher Al 0
3 
and CaO contents, but its TiO content is considerably lower. 2 2 
It is unlikely that the low TiO content is due to Ti being held in phases 
2 
such as ilmenite during partial melting. An alternative and more plausible 
explanation would be that the MP gabbros represent a later episode of par-
tial melting of the same upper mantle source rock as that of MP basalts. 
If this is so, then after the removal of the first partial melt that gen-
erated the Polusugi volcanic rocks, the second phase of partial melt 
would be depleted in incompatible elements, but relatively enriched in 
compatible elements. The degree of depletion or enrichment would depend 
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on the efficiency with which previous partial melts (high degree) are re-
moved. Such an explanation is not only supported when the least modified 
members of the MP basalts (P214) and of the MP gabbros (P279B) are com-
pac1-'ll, 1-,td ;:l "!O by the 1oHer average i.ncornpAtihle element concentration"" 
of the .t--IP gabbros as a whole (see table 4.3 ) o A process of remelting of 
mantle, after the extraction of a first partial melt, would give rise to a 
new magma with different element concentrations, but unaffected incompat-
ible element ratios (Sun and Nesbitt, 19'78), a feature which is shown by 
the Polusagi rock suite. The incompatible trace element ratio" in the 
Polusagi rocks are quite constant; illustrated, for example, by linear 
trend in theY, Nb, La and Ce vso Zr variation diagrams, Fig • 5.5. A 
two stage partial melting of the mantle, with a first partial melt gen-
erating the volcanic rocks 9 and a second the hypabyssal rocks, is not 
only supported by the chemical continuity of both types of rocks but also 
by field relations. It was mentioned in Chapter two that the gabbro, as 
well as the plagiogranite bodies, intrude the volcanic rocks i.e. were 
emplaced later. When it is considered that the MP gabbros are more 
basic (i.e. lower incompatible element contents and higher Mg-numbers) 
than the MP basalts and the rest of the volcanics, it is difficult to 
envisage a process where a single partial melt would produce more basic 
compositions by fractional crystallisation. 
A similar two stage melting of the source rock has been proposed by 
Sun and Nesbitt (1978) to account for the low- Ti (<0.4o/o) basalts from 
ophiolites, e.g. from the Troodos and Betts Cove ophiolites, and from 
island arcs and inter-arc basins which may have Al 0 /TiO and CaO/TiO 2 J 2 . 2 
ratios up to 60 o 
S.S Fractiunal crystallisation of the Polusagi magma 
S. 5.1 Introduction. 
The Polusagi rock suite exhibits a thol·~ii tic differentiation trend 
with low to moderate iron and titanium-enrichments (section4.2.3). 
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According to Ringwood ( 1974, 77) 9 iron-enrichment in the early stages of 
evolution of tholeiitic magmas is caused by separation of olivine and 
pyroxene, having much lower Fe/Mg ratios than the 1 iqu"Lds from which they 
to explain the differences between tholeiitic and calc-alkaline fraction-
ation trends. This mechanism is based on differences in oxygen fugacity 
during crystallisation of the magmas. Osborn argues that if the system 
is open to oxygen. i,e, Po2 is kept constant and high during crystall-
isation, magnetite crystallises early~ followed by silicates such as 
olivine and pyroxene. The early precipitation of magneti~ results in the 
accumulation o:f silica in the residual liquid, thus causing a calc-alkaline 
fractionation trend. But if the Po2 is low, then silicates like olivine 
and pyroxene separate before magnetite, resulting in iron-enrichment and a 
relatively lower rate of silica enrichment i.e. a tholeiitic trend. The 
high oxygen fugacity required in Osborn's model for the early precipitation 
of magnetite which would lead to siliceous re~idual melts (dacitic and/or 
andesitic). may be caused by dissociation of water produced by the dehy-
dration of descending oceanic crust. This could be accompanied by excess 
OX'JQen liberated from weathered rocks brought down from the ocean floor 
(Miyashiro, 19711). 
Under conditions of low oxygen fugacity, magnetite wo•1l d not he an 
early precipitating phase and some other mechanism for silica enrichment 
must be operative during fractional crystallisation. Ringwood (1974,77) 
states that tholeiitic partial melts of upper mantle, under water sat-
urated conditions at depths 70-100 km , would be depressed below the 1 atm. 
liquidus. As such melts rise, and load pressure and water pressure drop, 
olivine precipitates. This produces basaltic andesites or even andesites 
upon ascent to within 30 krn of the surface. However, olivine precipitation 
would not be capable of drivinn the residual liquids beyond a composition 
h;tvinq ')8% SiO.,. llc~yond thi:-;, olivine would !Je in reacti.on n~lat.ionship 
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with the liquids; and would be replaced by amphibole at intermediate 
pressures or by pyroxene at lower pressures. Fractionation of these 
1nases would be able to produce residual liquids as silicer)us as rhyod-
acites. At very low pressures, plagioclase separation could produce 
rhyolitic compositions. Ringwood (1974, 77) suggests that i;he rocks, thu:; 
produced, would show the trace element characteristics of island arc 
tholeiitic rock series. Boettcher (1973), simil~rly, states that in the 
pressure range 12-20 kbars (40-65 km } , amphibol•~s with low Si02 contents 
(<.Lt4o/o) exist at, or close to, the temperatures of water saturated basal-
tic liquids, Fractionation of these sub-siliceous amphiboles could be a 
very effective mechanism for the silica enrichment in the residual 
liquids. 
Church and Riccio (1977) report that those ultramafic sequences 1n 
ophiolite complexes associated with low-Ti (<0.6% Ti0 2 ) basalts have 
olivine-orthopyroxene cumulate sequences, while the high-Ti basalts are 
associated with olivine-clinopyroxene (or plagioclase) cumulates. The 
Polusagi basaltic rocks are high-Ti types and can thus be expected to be 
associated with olivine-clinopyroxene-plagioclase cumulates. 
The most likely phases to f.nave fractionated during differentiation of 
the Polusagi magmas, therefore, are olivine, clinopyroxene, plagioclase, 
amphibole and magnetite. The precbminantly aphyric natw--e o.f the volcanics, 
and subsequent metamorphism and alteration, do not facilitate direct petro-
graphic observation o.f fractionation phases as phenocrysts in the rocks, 
although there are few microphenocrysts of clinopyroxene and plagioclase 
(Chapter six). Many studies of the fractionation phases of tholeiitic 
island arc volcanic series have shown that the predominant phases crystall-
ising are olivine, clinopyroxene and plagioclase (e.g. Pearce and Norry, 
1979) with amphibole and/or magnetite (Brown et al, 1977). 
Chemical variations in major and trace element concentrations in the 
Polusagi rock suite are shown in Fig, 5.5. The concentration of Zr ha:-; 
Fig.5.5 Element variation trends with increasing Zr concentrations 
in the Polusagi rock suite. o : volcanic rocks and 6 : 
Hypabyssal rocks. Fo = Olivine (Fo90) 9 Cpx "" Clinopyro::;:ene 9 
Am = amphibole 9 Ab = albite 9 An80 = plagioclase 9 Mag "" Ti-rich 
magnetite and Ap = apatite. 
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L· 
been used as a differentiation index (see section 3. 3 .11) • Apart from the 
[, 
mobile elements 9 S 9 Sr and Ba and to a lesser extent Rb and K20 9 all 
element.-; exhibit clear variation trends with increasing Zr. The scatter of 
data points is especially tight with the immobile elements Ti 9 P, Y 9 Nb 9 
La, Ce, Cr and Ni. The major element variation diagrams also include the 
positions of possible fractionating phases. This allows a test of their 
influence on the observed chemical trends by means of graphical methods 
described by Cox et al (1979, Chapter six). They state that the liquid 
fractionation path must project into the "extract polygon" defined by the 
fractionating phases (or a line in the case of 2 separating phases). For 
cli1mpyroxene and amphibole9 average compositions of the Polusagi augites 
and brown hornblendes( Chapter six) have been used respJtivcly. However, be-
cause the Polusagi rocks contain no olivine or unaltered plagioclase, the 
composition of olivine is assumed to be Fo90 and of plagioclase An80 . 
Plagioclase compositions averaging An
77 
are reported from the tholeiitic 
basalts of Eua in the Tongan Islands (Ewart and Bryan,l972) o In South 
Sandwich Islands, tholeiitic basalts contain plagioclases with bytownite 
cores and labradorite margins (Baker, 1978) and tholeiitic basalts from 
St.Ki tts in the Lesser Antilles have calcic plagioclase (bytownite) 
(Hawkesworth and Powell, 1900) o 
5.5.2 Chemical variations in major oxides 
As seen in Fig.5.5 9 Si02 varies from about 44% to 73% and shows a 
smooth increase fn)m basic to acid rocl< types. A1 20 3 contents do not 
exhibit a wide range, but a weak trend of rise with increasing Zr is sugg-
ested in the basic range reaching a plateau in the intermediate range and 
subsequently decreasing in the acid rocks. The shape of the trend would be 
in line with fractionation of relatively Al-poor phases such as olivine 
and clinopyroxene from the basaltic melts. The intermediate compositions 
seem to be influenced by plagioclase whose dominant role during fraction-
ation at acid compositions may have given rise to an inevitable decrease of 
the Al 20 3 contents. 
Total iron and Ti02 increase continuously up to 300 ppm Zr W52% 
SiO ), thereafter decreasing smoothly through the intermediate and acid 
2 
series (Pearce and Norry, 1979). Dominant fractionation in the basaltic 
melt must have involved a phase poor in iron and Ti, probably forsteri tic 
olivine. Plagioclase is unlikely to be a dominant phase at this stage as 
this would not explain the A1 20 3 
trend. Subsequently, precipitation of 
a major phase (or phases) rich in both Fe and T i, for example Ti -rich 
magnetite, must have controlled their variations in the residual liquid. 
Fractionation of Ti-rich magnetite from residual liquids of inter-
mediate and acid compositions is St!;:>ported by the fractionation trend of 
HrO, as MnO concentrations show a continuous decrease towards and into the 
most siliceous compositions. i-ln2+ is chiefly cannuflaged by Fe2+ (Ring-
2+ 
wood, 1955) 9 thus 9 Ti-rich magnetite should concentrate Mn more than the 
residual liquid, resulting in the evidently similar iron, Ti and Mn frac-
tionation trends. 
Both MgO and CaO contents decrease continuously with fractionation 
from basic to acid compositions. In the early basaltic stages of fraction-
ation, decrease in the MgO content of the residual liquid can be attributed 
mainly to olivine which may later be joined by clinopyroxene and amphi-
bole. The decrease in the CaO content cannot be interpreted as mainly 
due to calcic plagioclase, since the major oxide trends examined so far 
exclude plagioclase as a major or dominant phase separating from the bas-
altic liquid. Therefore, CaO depletion must be due to clinopyroxene and 
possibly to amphibole precipitating alongside olivine. At intermediate 
and acid compositions, however, plagioclase may well be a major crystallis-
ing phase, which together with clinopyroxene and amphibole, fractionates 
alongside Ti-rich magnetite. 
Na20 contents increase from about 1.5% to 8% by a Si02 value of 
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about 65%9 when the smooth increase tends to level off. This variation is 
consistent with the separation of such Na-poor phases as olivine, clino-
pyroxene and amphibole. Only at acid compositions, dominated by relatively 
So far, amphibole has been considered as a possible fractionating 
phase, The possibility that it plays a major role is unlikely as some of 
the brown hornblendes contain more Na20 than the host rocks. Precipitation 
of high proportions of such amphiboles would deplete Na20, or at least re-
duce the rate of increase during fractionation. Major amphibole fraction-
ation is also discredited by the graphical methods. It requires highly vary-
ing proportions of fractionation to explain the variations in different 
major oxide variation diagrams. 
P 0 contents increase sharpLy until a residual magma composition 
2 5 
containing IV 56% SiO is reached. This is followed by an equally sharp 
2 
decrease with further fractionation. This trend can be simply interpreted 
as due to apatite. This is a crystallising phase at the transitional com-
position from basaltic andesite to acid andesite and goes on crystallising 
until the most siliceous compositions are reached. 
K20, being mobilised during metamorphism, does not show a clear trend 
and cannot be reliably utilised for petrogenesis. 
5.5.3 Chemical variations in trace elements 
The mobile elements, Sr 9 Rb 9 Ba, Zn and Cu are not considered here 
only the immobile elements, Zr, Y, Nb, La, Ce, Cr and Ni are used in the 
following discussion. 
With advancing fractionation, the incompatible elements Y, Nb, Ce 
and La present linear trends whereby their concentrations regularly inc-
rease with increasing Zr. At acidic composition~, there is a somewhat 
slower rate of increase 1n the concentrations of these elements with inc-
reasing Zr. Table 5.1 contains some mineral/liquid distribution coeffic-
ients for elements including Zr, Y, Nb, Ce, La, Cr and Ni, compiled from 
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various sources, .i'-1ost of the distribution coefficients are composition 
dependent and increase with increasing Si0 2 content of the liquid (pearce 
and Norry, 1979). Thus, the slower rate of increase in Nb, Y, Ce and La 
concentrations with respec-r t:o the increa:-:;e in Z1· at acidic c.umpo:__i tic:n::: 
may partly be due to a faster increase in the distribution coefficients of 
these elements relative to Zr for crystallising phases such as magnetite; 
and partly due to new phases such as apatite. Both, magnetite and apatite, 
are capable of concentrating these elements into their structures, It is 
apparent from table 5.1 that, especially at basic and'intermediate com-
positions, olivine, clinopyroxene, magnetite, plagioclase and apatite 
fractionations, in the order suggested by the major element trends, would 
continually enrich the residual liquids in Zr, Nb, Y, Ce and La. Therefore, 
the trends exhibited by these incompatible trace elements are in complete 
agreement with the course of fractional crystallisation determined in the 
preceding section. 
The possibility that amphibole was a major crystallising phase at 
any stage during the fractionation of the Polusagi magma can now be ruled 
out on the basis of the distribution coefficients of incompatible elements 
between amphibole and the liquid (Table 5.1 ). They predict that exten-
siveamphibole separation would reduce incompatible trace element concen-
trations into the acidic compositions, contrary to the observed trends. 
Schentzler and Phillpotts(l970) state that extensive amphibole crystall .. 
isation should result in some increase in Ce, and a marked increase in 
Ce/Y ratio. In the Polusagi rocks, Ce/Y ratios are substantially con-
stant as opposed m variations in the Ce (Fig. 5.6 ) or Zr co~centrations. 
It appears that amphibole did not play a major role during the fractional 
crystallisation of the Polusagi magma. 
Cr and Ni show similar fractionation trends, concentrations de-
creasing exponentially with increasing Zr concentrations from basic to 
acidic compositions. Average values for Cr and Ni are 254 ppm and 95 ppm 
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TABLE 5.1 
MINERAL/LIQUID DISTRIBUTION COEFFICIENTS -
,--~-·--
• BASIC 
ROCKS Olivine 
Hn 0.9 0.07 0.8 
Ti 0.02 0.04 O.J 1.5 7.5 
0.5 (0.1) Zr 0.01 0.01 0.1 1--- -·--- -·-- --.~ 
Ce estimated from Gast~ 1968, 
All others from Pearce and Norry, 1979. 
Parenthesis means inferred, 
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in the 1\IP basalts, respectively, dropping sharply to 2J ppm and 6 ppm in 
andesites, and to ll ppm and zero in dacites. The sharp decrease in Ni 
values at basic compositions can only be attributed to extensive olivine 
pleting the bo.sic magma in Ni at this stage (seP Table 5.1 ). Magnetite 
cannot be responsible for Ni depletion, as it only enters into the frac-
tionation as a major crystallising phase after a Si0
2 
content of N52% 
is reached. Similar reasoning shows that the sharp drop in Cr contents 
at the basaltic stage must be due to clinopyroxene separation. 
The variations of Cr and Ni contents in the basal tic rocks with 
fractionation can also indicate the relative importance of olivine and 
clinopyroxene during the early stages of fractionation. The partition 
coefficents in Table 5.1 show that relatively more extensive clinopyro-
xene separation would result in a higher rate of decrease in Cr than Ni, 
while relatively more extensive olivine crystallisation would cause Ni to 
decrease at a higher rate than Cr. In Fig.5.7 the Cr/Ni ratios of the 
basic rocks are plotted against Zr. The ratio rises from under 2 to h. as 
silica varies from about LJ.-6% to 50%. This confirms the previous suggest-
ions that olivine is a more dominant fractionating phase than clinopyroxene 
in the basaltic melts. 
At intermediate and acid compositions, Cr and Ni concentrations con-
tinue to decrease, but at much reduced rates. These trends arc explic-
able by magnetite separation (Table 5.1 ) , perhaps accompanied by some 
olivine any clinopyroxene in the intermediate stages. 
Additional support for the outlined course of crystal fractionation 
during the evolution of the Polusagi magma is provided by the variations 
of Ti 9 Zr andY, following the technique devised by Pearce and Norry (1979). 
Distribution coefficients have allowed them to compute theoretical frac-
tionation vt'ctor.c; for both single phases and selected phase o.ssernblages. 
Tl11~ Polu.c;<tqi roclc-' <~r··~ plott.•~d 1.n their Y-Zr, ·TiO,,-Zr and Nh-Zr type <lia-
qram~~ u1 !'iq. 5.B. The trcntl.s exhibited by th•~ Polusaui. rock.c; arc all 
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Fig.5.6. Ce vs. Ce/Y ratio in the Polusagi rock suite. 
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consistent with their modelled trend-1 for basic compositions and the 
trend-2 for intermediate and acid composition. The former trend involves 
fractionation of oliviney clinopyroxene and plagioclase, while the latter 
are thus the same assemblages as those deduced from major and trace element 
variations. It is also interesting that theoretical trends J,L±,5 and 6 
(Fig. 5.8 ) are those involving amphibole fractionation, and that they do 
not match the observed trends of the Polusagi rocks. 
Major and trace element variations in the hypabyssal rock 
Chemical data for the Polusagi gabbros and plagiogranites have 
also been plotted in the diagrams used for the Polusagi volcanic rocks. 
It is clear that these hypabyssal rocks are chemically similar to their 
volcanic counterparts and closely follow the trends exhibited by the vol-
canic rocks. 
5.6 Summary and conclusions 
The Polusagi volcanic rocks and hypabyssal rocks originate from two 
successive high degree (N 25%) partial melts of the same upper mantle 
source above the Benioff zone in a Tethyan marginal basin. The com-
position of the first partial melt approximates to that of the roost basic 
MP basalt and the second to most basic MP gabbro. The volcanic rock types 
and the hypabyssal rock types are products of fractional crystallisation 
processes which followed a very similar path in the respective melts. 
The major phases that controlled the crystal fractionation during the 
generation of the Polusagi rock suite IDBolivine, clinopyroxene, plag-
ioclase, Ti-rich magnetite and apatite. Amphibole was not a major cry-
stallising phase. The early stages ot· fractionation were basically gov-
erned by olivine precipitation, but towards the later stages of basaltic 
liquid compositions, olivine was joined by clinopyroxene. The iron and Ti 
enrichments i.e. the Polusagi tholeiitic trend, are thus caused by sep-
aration of oliviw~ and clinopyruxene, with lower Fe/Mg ratios than the 
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remaining basaltic liquid. Silica enrichment, from basaltic or basaltic 
andesite compositions, has been achieved by the entrance into fraction-
ation of Ti-rich magnetite as a major crystallising phase at N52% Si02 , 
al:c;o lllajor plagiclase separation, joined by apatite at a composition of 
N 56% SiO 2 • Fractionation at acid compositions are dominated by relat-
ively Ab-rich plagiclase, although magnetite and apatite were still pre-
cipitating. 
The absence of magnetite as a crystallising phase at basaltic corn-
positions implies that the oxygen fugacity was initially low, but sub-
sequently increased causing magnetite precipitation i.e. the system was 
not far from theoretical, open-system fractionation. Such an increase in 
the oxygen fugacity, after 52% Si02 values were reached, can be explained 
by larger contributions (and probable dissociation) of water into the 
magma provided by the dehydrating and descending Tethyan oceanic crust 
along the Benioff zone. 
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CHAPTER SIX 
PETFOGRAPHY AND MINERALOGY 
C .1. Introduction 
The Polusagi rocks are variably altered and metamorphosed. Altera-
tion and rnetannrphic processes affect the mineralogy, texture and corn-
position of the rocks to various extents producing different 9 sometimes 
patchy, mineral and textural assemblages. The only igneous remnants are 
the relict clinopyroxene and a late stage magmatic product in gabbros -
the brown hornblendes- 9 in addition to the igneous textures exhibited by 
now albi tised plagioclases. Metannrphic minerals include arnphibole 9 
chlorite, epidote, prehnite 9 pumpellyite, calcite, quartz, sphene and 
leucoxene. Therefore 9 it is desirable to divide the area into zones where 
the mineralogy and textural relationships are relatively uniform. Anongst 
the metamorphic minerals, the most conspicuous feature is the distribution 
of amphibole, prehnite and pumpellyite. On this basis two zones can be 
recognised and defined as follows: 
Zone A The rocks contain prehni te - pumpellyite, but no amphibole. 
+ 
Zone B This zone includes all the rocks with amphibole and is 
further divided into sub-zones B
1 
and B 2. 
Sub-zone B 
1 
Sub-zone B 
2 
pumpellyite. 
The rocks contain amphibole and prehnite - pumpellyite. 
+ 
The rocks contain amphibole, but no prehnite or 
These zones are believed to represent increasing grade of metannr-
phism passing from prehnite-pumpellyite facies to greenschist facies from 
A to B. The details are discussed in sections 6.10. and 6.11. of this 
chapter. 
In this chapt<~c the mode of occurrence and chemistry of minerals will 
be examined and the possibility of metamorphic minerals having different 
optical or chemical properties in different zones will be considered. 
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This will be followed by descriptions of textural relationships amongst 
the minerals and of the conditions and nature of metamorphism. 
All analyses of minerals are by electron microprobe, which returns 
'), 
1:ota1 .i:con d..:-:1 1' \::! analytical ~onditions 
3+ estimating Fe and water contents, in appropriate minerals, are des-
cribed and the analyses are presented in Appendix IV. 
6.2. Clinopyroxene 
6.2.1. Mode of occurrence 
Clinopyroxene, as the only form of pyroxene, occurs chiefly in 
basalts and gabbros. Some basaltic andesites also contain minor amounts 
of clinopyroxene 9 but it is completely absent from the more acidic and-
esi tes and acid rocks. The proportion of clinopyroxene (cpx) in basalts 
and gabbros, where it is not extensively replaced by secondary minerals, 
may constitute up to 20% of the rocks and these are generally the "more 
primitive" types defined in section 4.2.2.4.Two different modes can be 
recognised: 
a) Groundmass clinopyroxenes : This is by far the dominant 
mode of occurrence. They are generally fine grained, O.J mm or less in 
size, but in some cases they may be up to 0.5 mm across, They usually 
occur amongst the albite laths, filling the interstices, showing anhedral 
or subhedral grain boundaries. Some thin sections of lavas (e.g. samples 
P252, P286) may show that all the cpx have low-birefringence. However, 
sections of these samples taken at another orientation, will show that 
nearly all cpx grains have normal birefringence. This is taken to suggest 
flow alignment of cpx. 
b) Microphenocrysts : These are relatively rare and generally 
vary from 1-3 nun in size. In rare cases, they may reach up to 5-6 rnrn 
acro":c (""ample P27<J 11 ). Although they show anhedral outlines, they tend 
to l•e cracked, the crack." heinu fillnd uy :·;cc.ondary minet·als, but in most 
<;;1:-c;es unifunn extinction i:,; ma:i.nLtined. llsu;tlly the m:i.crophenocrysts an~ 
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Plate 6.1 : Clinopyroxene (white), being 
replaced by brown amphibole (grey). Dlack 
i s magnetite which is being replaced by chl-
orite (patch dark grey). Sample: P281, XSO. 
Plate 6.3 : Ln.rge eulledr<.~l brown amphibole 
(dar!~ grey), being replaced by chlorite 
(patd •y ligh ter grf'y) i1T"<> UIH1 tlw margins . 
Note llic cnclost:d <t l l(' rt:d pla;~iocJa:-;e l aths . 
Sample: I':~H~, X!>O. 
Plate 6.2 : Fibrous amphibole ( g rey, 
striated) replacing euhedral clinopyroxene. 
Sample: P252, X200. 
Plate 6.4 : Brown amphibole (dark grey), 
being gradually taken over by green amphi -
bole (li ehter grey) . Patchy black to dark 
grey areas are chlorite . Sample : P216, X50 . 
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surrounded by plagioclase laths, and in some cases they are completely 
enclosed and isolated by clusters of plagioclase grains. 
They do not con-tain any opaque inclusions. 
and three types of zoning can be recognised: 
Type a) 
Type b) 
Type c) 
Zoning is demonstrated by a continuous variation 
in the extinction angle from core to margin. 
Zoning 1.s demonstrated by a thin rim around the grain 
which abruptly extinguishes at a different angle from 
that of the core where extinction is uniform. 
Shows hour-glass structure. 
It is interesting to note that all the samples where zoned cpx grains 
are observed are relatively more basic basalts. 
6.2.2. Chemistry 
87 clinopyroxene analyses (57 in basalts, 13 1.n amlesi tes and 17 in 
gabbros) are listed in Appendix IV.2.1. Analyses are largely of ground-
mass mode with some microphenocrysts. 
6.2.2.1. Nomenclature 
The analyses of clinopyroxenes from the volcanics and gabbro samples 
are plotted on the conventional pyroxene quadrilateral in Figs.6.la and 
6.lb, respectively. It is evident that analyses from both rock types do 
not show any systematic difference and the same nomenclature should be 
applicable to all the pyroxenes analysed. According to the nomenclature of 
Deer et al ( 1974), they are predominantly augi.tes, However about half of 
the analyses from 'MP' basalts and gabbros plot into the diopside-augite 
end of the endiopside compositional field, the other half plotting into 
the augite field. Furthermore, the analyses from basaltic andesites on the 
whole are the most iron-enriched. Thus, the evolution of pyroxene chemistry 
is from the diopsidic endiopside to augite with advancing fractionation of 
the Polu.'-<a!Ji maum<.t. No Ca-poor pyroxene is ob~..;crvcd in the studied rocks. 
30 
40 
70 
Enstatite 
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t 
Wollastonite 
50 --- ---------.-------,-------------:1\ 
Diops1de 7 Salite Ferrosali1e 
0 
Augite Ferro augite 
60 50 40 30 20 
~ 
Fig.6.l a. Classification and chemical variation of clinopyroxene.;; from ba.sc..lt.s 
( 0 ) and ande"i tes( :.< ) in the .sy.3tem Diopside-Hedenbergi te-
Ferro.:;il i te-En.stati te. 
~oq<f;;;-'-/ ---1------·----'t----\ 
'o o \ 
0.........__0 )'.()(X 
~X 
'~-
1---- ---L----------·------•-----
Fig.6.lb. Same as above for clinopyroxenes from the "more primitive" gabbros ( o ) 
and "more differentiu.ted" gabbros( x ) • Fractionation trend of the 
Skcterga::trd pyroxene:~ is sho'dn for compari :on. 
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6.:2.2.2. Chemical variation 
\fuat is also evident in Figs.6 .la and 6 .lb is that the analyses ace-
differentiation, a;o; compared, for instance, \,·ith the well known tholeiitic 
trend of' the Skaergaard intrusion. This is a reflection of the relativ-
ely low to Jnoderate iron enrichment trend of the Polusagi magma (section 
lio2.1r) upon the clinopyroxene chemistry. This could also be due to rela-
tively early separation of Ti-rich magnetite from the melt, and to the 
relatively restricted compositions of the rocks (all basic) in which cpx 
is found. 
100 X Mg 
Chemical variation in relation to Mg-number 2+, a measure of 
M9 + Fe 
degree of fractionation, is shown in Fig.fi. 2. The plots show that Ti,Mn 
and. Na increase, to a lesser r•xtent Ca and Al decrea.se with advanc.in(J 
fractionation or decreasing Mg-number. Ti and Mn tend to level off at 
the latest stages of the given range of fractionation of the Polusagi 
magma. Si and Al exhibit unclear trends. With all the analyses included, 
there is a tendency of Si and Al trends to go through a minimum and maxi-
mum respectively at a Mg-number of approximately 75. This is probably an 
artefact created by the analyses from the zoned cpx grains, since when 
these analyses are excluded the trends do not have the minimwn and ma.x-
tmum around Mg-number = 75. Instead the data points, much scattered, 
show signs of increase and decrease for Si and Al respectively at the 
very latest stages of fractionation. The nature of zoned cpx grains will 
be discussed presently. Fe3+ (estimated) and K are absent in most of the 
analyses and when present are in negligable amounts. 3+ The absence of Fe 
may indicate a non-oxidising environment \vhich is in line with the eetrly 
stages of evolution of the Polusagi magma discussed in Chapter five. 
A comparison of the chemical variation trends of all the elements, 
perhaps vii th the exception of Al and possibly Si, (Fig.6. 2), with those of 
the lvhole-rock major element trends for the qivcn diffet·enti.;tt Lon ranrJe 
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(see Chapter five, Fig.5.5) shows that the respective trend.-; are very 
similar or comparable. This suggests that the cpx chemistry closely 
followed the continuing chemical variation within the host magma • 
__ _, 11 :,,-, .. ,-, I ~ . .,..-. ,. . .., ,-, ' l 
................................. .__..__... 
Chemical variation in zoned grains: 
.. , -, ... -, .. 
'--• ~ ........ t--' '-' ........ .i 
It was pointed out earlier that zoned grains occur only in the 
This 
relatively more primitive basalts i.e. representing relatively early 
magmatic liquids, The analyses from these basalts sho\> extremely variable 
chemic;d range. In some cases, the chemical variation of cpx analysf~S 
from one sample (e.g. P66 or P286) may cover nearly all the variation 
displayed by the cpx analyses from all samples. As a result, the 
chemical correlation between the zoned cpx and the ~10st rock is poor. 
Table 6.1. contains representative core and margin analyses from the 
three types of zoned cpx grains (mentioned in section 6.2.1). It is 
apparent from thi"" table that type a) zoning is a normal one where from 
core to margin there is Fe, Ti, Mn, Al and Na enrichment and S:i and l\tg 
depletion i.e. the same trend of variation with host magma chemistry, 
with differentiation, However, type b) zoning is chemically opposite 
to that of type a). There, from core to margin, Fe, 'J'j, !vln, Al and Na 
decrease and Mg and Si increase, wh.i.ch .i.s unexpected. .':iuclt chemical 
differences can 1nt simply be explained by the general trend of element 
variations in the t~st magma. The possibility that the rims could have 
qrown at a stage where extensive and rapid separation of Fe-Ti-Al rich 
spinels from the magma may have given rise to such a chemical chnnge,is 
r·uJed out; \lec;nt:o.c the available evidence (Chapter five, 5.5) shows that 
the spinel as a major fractionation phase was Fe-T.i. rich and did tnt 
::;tart separating until intermediate compositions were reached. The mech-
an:i.'itll for type b) 7.oninq i:-o not understood, but in any case it indicates 
>;<_,ctor:-; 'itt l.lH.' t.yp<~ c) hour-ulass :r.on:i.nu indic.-11.<· 
Analyses 
s ·o ol 
l :~ ;0 
TiO 
2 
FeO total 
! ~lrl) 
MgO 
CaD 
Total 
Atomic 
proportions 
0=6 
Si 
Ti 
')_,_ 
Fe~. 
Mn 
I Mg 
I 
f-----
. Ca 
I 
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TABLE 6.1 
Chemical analyses of zoned cpx grains 
TyfJ; a) zon~ 
Core Margin I 
_T_y_pe_b_)_
1 
zo_n_i~-~ ···rType c) 
Core Margin Sector I 
P1G 1 1A 
51.96 
0 C:') •J-
7.38 
0.16" 
15.99 
-- ---
21.61 
0.14 
OoOO 
99.B2 
1.927 
Oo014 
0.090 
Oo 88Lt 
0.859 
OoOlO 
1.25 
3. 83 
11.47 
0.31 
12o 32 
i .. - -
20 0 46 
0.00 
I 99,19 
I l. 872 
0.036 
0.172 
t -------
I-
0.366 
OoOlO 
! 0.6(0 
: 0 0 835 
! o-.030 
I 
1-
__ i ------
, 
I 
-- ,-· 
P286 10 
5().84 
1.06 
2o95 
9. 81 
0.26 
13 0 93 
20.69 
Oo28 
OoOO 
99o82 
1.905 
0.030 
0.131 
0.307 
0.008 
o. 778 
0.831 
0.021 
P'-286 lC 
53o'2l 
Oo53 
2.01 
6o95 
0.19 
16 018 
Oo22 
0.00 
100.23 
1.953 
0.015 
0.087 
Oo213 
0.006 
0.885 
0.823 
Oo016 
, 
P66 2A 
51.75 
Oo51 
2ol7 
6. 45 
0.18 
l7 .18 
! 
21.12 
Oo22 
OoOO 
()9 .58 
1.916 
0.014 
0.095 
0.200 
0.006 
o.B38 
0.01G 
zoning 
Sector II 
49o05 
1.62 
8.83 
o. 21 
20 0 32 
Oo 29 
OoOO 
100. lil 
Oo 251 
Oo275 
0.007 
0.810 
0.021 
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i.e' chemically different from the other. Similarly Fe, Ti. !-In, Al and Na 
!Jeha\'e in antipathy with P.lg and Si in this type of zoning. 
G.2.2.J. Crystal chemistry 
The above observed chemical variations are governed by single or 
charge balancing c.oupled substitutions. The most obvious and important 
2+ 
single ::oubstitution is Mg~Fe which moves to the right during diff-
erentiation, indicated by a decrease in My-number from about 57 to 
about GJ. Small but increasing amounts of replacement of Mg by Mn is 
also indicated by a negative correlation of !'>In ~v"ith Mg-number. 
Fin.6.J. ico a plot of Si vs. Al which shows that all the analyses 
plot above the line Si+Al "'2 (saturation line of Kushiro, 1<)60). Thi.-; 
means that Al is the only element substituting for .Si in the Z .c;i te. 
Furthermore, it indicates that the entrance of Al into the Z site (which 
is more than 50% of Al on averaqe) is to a large extent compensated for 
by the entranc~! of excess Al into the Y site, hence the positive corr-
elatl.Oll of Aliv w·1'th Alvi (Fl.·g.6.~.). vi · '± However, Al l.S not totally suff-
iv icient to compensate for Al , and the charge balance must be maintained. 
iV This is done by Ti which shows a positive correlation with Al , indicated 
by Fig. 6.10. Ti also shows positive correlation with Na (Fig.6.5), but 
th . . b . N Vi ere 1s no apprec1a le correlat1on between a and Al (Fig • 6 • 6 ) . This 
suggests that it is Ti which is largely compensating the replacement of 
Ca by Na. This is also indicated by positive correlation-; of Ti and Na 
1vith Hg-nwnber (Fig.6.2a and b). 
The general decrease of Ca, below 1 atom per formula unit, with 
decreasing Mg nwnber is not totally due to its being increasingly sub-
-;ti tuted by Na, since on average Ca drops from 0. 87 to 0. 75 while Na 
increases from 0.01 to 0.035. Rather, negative correlations of Mg and 
~ 2+ . 2+ Ca and positive correlation o:f I• e Wl th Mg-number imply that Fe in 
relation to Mg is being preferentially and increasingly incor·porated into 
tl1<~ X .'-'i L'-~ with <tdvancing diffen,ntiation. 
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(),:2.3 Factors controlling the chemical variations 
a) Physical factor::;: It is apparent from the foregoing chemical 
vario.tion diagrams that clinopyroxenes from lavas and hypabyssal rocks 
\ 'l't 'llCL' 4 Th.c,refurc, the mode of occurrence of the host rocks i.e. the 
load pressure doe.s not seem to be an important f.:lctor CDntrolling the 
chemistry. A similar conclusion is reached by Le Bas (ICKi2). 
Bro1m ( 1968) states that Al content of cpx varies according to 
pressure and temperature and the type of magma. The possibility of 
temperature dependence of tetrahedrally coordinated Al is considered 
by Kushiro (19GO). However, Le Bas (196~) considers such a control as 
unlikely for two reasons: 1) Although temperature normally falls with 
differentiation, iv the Al goes up in some magma types and yet falls in 
:2) At similar degrees of differentiation, although there 
appears to be no great difference between the temperatures and ranges of 
iv 
crystallisation, Al does vary. Le Bas ( 1962) also points out that 
partial pressure of oxygen has no great effect on Al relations in cpx. 
Mevel and Velde (1976) studied the cpx compositions in the Mesozoic 
pillow-lava::,; from the French Alps and found that the cpx compo:-;.itions 
from the core and margin of pillow lava:-; are uifferent. Tltey attributed 
this to the differences in cool inu rate of the host. Therefore, it is 
possible that some of the observed chemical differences of the Polusagi 
cpx rnLly b.:' clue to the differential cooling rates of the host lavas. 
b) Chernicnl factors : Fig. 6. 7 is a plot of !'lg-nurnbers of cpx agninst 
those of the host rocks. In order to have a meaningful variation, only 
the Group i\ samples (section J,J.l) have been used and the samples P66 
... nd P2fl<~, which contain z.oned cpx analys(,:-; showinu widely varying f'vla-
i. L i o t1. .\11 ,,J,s!~rvation lv.:ts made in section 6.2.2,2 that the respective 
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element variation trends of total Fe, Ti, Nn, J1.1g, Ca and Na, with 
differentiation, in cpx and in the host rocks were either very similar 
or comparable. These strongly suggest that the dominant factor control-
ling the cp\: chemistry is that of host magma composition. Similar 
suggestions are made by Kushiro (1960), Le Bas (196::C), Coor11bs (1963) and 
(1975). 
However, it is also suggested by Kushiro (1960) and Le Bas (1962) 
that the concentration of Si in the host magma appears to determine the 
Si in the Z site of cpx, and the deficiency is made up by Al. Therefore, 
the distribution of Al in cpx should reflect the degree of Si-saturation 
in the host magma. Such a control of Si activity of the host magma is 
not clearly demonstrated by the Polusagi cpx. Despite that there are 
signs that Si in the Z site tends to increase in the latest stages of 
basic magma compositions (Fig.C.2f),the silica activity in Polusagi 
magma was probably variable for most o1' the basal tic ranuc o1' diff-
erentiation. This conclusion is not contradicted by the magmatic trend 
of silica for the range under consideration (Chapter five, Fig.5.5.). 
Using the same comparative criteria, it is clearly seen that Al in 
cpx is not effectively controlled by the Al concentrations in the host 
magma, but rather, it depends on the amount of Si in cpx. It is also 
possible that there is some control of physical factors i.e. temperature 
and pressure over the Al content of cpx (Kushiro 19()0; Brown 1968). 
In summary, a strong host rock chemical control is apparent on the 
Polusagi clinopyroxenes. 
6.2.Lx. Petrogenetic implications of clinopyroxene chemistry 
6.2.lc.l. Introduction 
Chemical compositions of cpx have been used to recognise the nature 
of host magmas (Kushiro, 1960; Le Bas, 1962; Coombs, 1963; Vallance,l9(L!b; 
Fodor et al 1 1975; Barmn,l976) and the tectonic environment of the 
host magma (Nisbet and Pearce, 1977). This is made possible by the 
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intimate relationship of cpx and host magma chemistry and has useful 
applications where the host rocks are altered. 
Diagrams designed by Nisbet and Pearce (1977) put sume constraints 
differentiate ocean floor Lasalts frorn volcanic arc and within plate 
basalts, due to extensive overlap of the defined respective fields. A 
method to recognise the nature of host magma by cpx composition is 
suggested by Coombs (1963) using the CIPW norms obtained from cpx chem-
istry in much the same way as the whole rock norms, and Vallance (1974b) 
showed that this method has useful applications in studying the spilitised 
rocks. Fodor et al (1975) 9 studying the pyroxenes from Hawaii, report 
that Wollastonite contents of cpx from tholeiitic, alkalic and nephel-
initic rocks vary within the range Wo30 _~' Wo 38 _48 , and Wo 47 _54 resp-
ectively. 
A statistical study by Kushiro (1960) distinguished three magma 
types: tholeiitic 9 feldspathoid free alkalic and feldspathoid bearing 
alkalic, using atomic proportions of Si, Al and Ti in the cpx. He 
showed that Al and Ti increase and Si decreases in going from tholeiitic 
rocks to feldspathoid bearing alkalic rocks with some overlap between 
the respective rock types. Le Bas (1962), in a similar study, confirms 
Kushiro's findings and recognises three magma types: 
a) Non-alkaline : includes the tholeiitic, high-alumina and 
calc-alkaline series 
b) Normal alkaline 
c) Per-alkaline 
On the basis of variations of Si0
2 
against Al 0 and TiO., against Ali v in 
2 3 "-' 
the clinopyroxene. These three magma types are also distinct when plotted 
. 2+ 3+ 
u1 a ternary, Ca+Na+K :Mg:Fe+Fe +Mn. Le Bas (op.cit) also states that 
the respective fields in his plots are better defined, if only groundmass 
cpx analyses are used. If phenocrystic grains are included, there is some 
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overlap between the neighbouring fields. 
6.2.l.t.2 The Polusagi magma type as indicated by cpx chemistry 
Because the cpx composition is defined to a large extent by the 
nature of the host ma9ma. 
In Fig.6.8, the cpx analyses are plotted in the ternary diagram of 
Le Bas (1962). The majority plot into the tholeiitic field but there is a 
considerable overlap with the alkaline field. Fig. 6.9 is the plot of 
Si0
2 
vs. Al
2
0
3 
and puts a greater majority of the analyses into the non-
alkaline field. However nearly all analyses plot into the ocean-floor 
basalt field defined by Nisbet and Pearce (1977) which is superimposed 
into Fig.6.9. The TiO vs. Al , Al being defined by Le Bas (196:!.) as 2 z z . 
Aliv x 100 where Z ~ 2, is shown in Fig.6.10. It predicts that the 
z 
clinopyroxenes predominantly belong to a non-alkaline type host magma. 
It also supports Le Bas's (op cit) suggestion that the trend of diff-
erentiation is towards decreasing Alz and increasing Ti02 in the non-
alkaline rocks. Some of the analyses plotting into the alkaline fields 
in these diagrams are those of zoned cpx grains or from samples con-
taining zoned cpx grains. This suggests that exclusion of analyses from 
phenocrystic cpx would result in less overlap between fields as suggested 
by Le Bas (1962). Despite the overlap, these plots suggest a non-
alkaline and probably a tholeiitic magma as the host for the cpx. This 
supports the conclusion reached in Chapter four, that the Polusagi rock 
suite is a tholeiitic rock suite. 
Further common characteristics of the Polusagi cpx with those from 
other non-alkaline rocks can be found. Le Bas(l962)reports that on average 
10% of total Al is taken up into the tetrahedral site of cpx from non-
alkaline rocks, while the percentages are 90 and almost 100 in alkaline 
and per-alkaline rocks respectively. It can be inferred from Fig.6.J 
th;tl. uu ilV<.'l"il!le {0~{, of total Al i :-; tctrn.hedrally coordiuated in the 
Fig.6.8. 
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Clinopyroxene analyses plotted 
Le Bas (196;c.). o : from 'MP' 
basalts 9 X: from andesites 9 
& : from 'MD' gabbros. 
, -,--+Ocean floor basalt field 
, \ 
' 
in the ternary diagram of 
basalta 9 e: from 'MD' 
0 : from 1 MP' gabi::>ros and 
·--~'- _ __.._- ._ __ ~_. _ ...__-'------~~---
5 tO 
At203 %· 
Fig.6.9. SiO/, vs. Al 20 3 for clinopyroxene:::: from volcanics ( o ) and 
ga.bbros( 0 ) . Solid dividing lina.s are after Le Ba.3 (1962.) 
and ocean floor basalt field after Ni3bet and Paarce (1977). 
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Fig.6.10 Clinopyroxene analyses plotted in Alz vs. Ti0 2 diagram of 
Le Bas (1962). Symbols: ( o ): from 1 MP 1 basalts, ( e ): 
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gabbros and ( {:j ) : from 1 MD 1 gabbros. Arrows show general 
trend of variation in clinopyroxene chemistry with 
differentiation. 
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Polusagi cpx, the range being approximately 50-80%. The average soda 
content of the Polusagi cpx is O.J%Pthe range being 0.1-0.5%, which in-
dicates a non-alkaline magma (average O.J5o/o). rather than a normal-alkaline 
(average 0.55o/ol or a per-alkaline (average 0.70% magma type (Le Bas,l962). 
G.J Amphibole 
6.3.1 Mode of occurrence 
Amphibole chiefly occurs in basalts and gabbros and to a lesser ex-
tent in basal tic andesites and plagiograni tes that form the zone B rocks. 
Optically and texturally J types of amphiboles have been recognised: 
a) Brown amphibole : This is confined to the MP gabbro samples and 
thought to be a late magmatic product. It is generally coarse grained and 
sometimes up to 2 nm1 across (Plate 6. J) and shows perfect amphibole cleav-
ages. The pleochroism is strong 9 from light-brownish to deep~brown colours. 
Grain boundaries are well defined and show euhedral to subhedral forms. It 
sometimes has inclusions of sphene and albi tised plagioclase. The only phase 
this type of amphibole replaces is the relict igneous clinopyroxene (Plate 
G.l). It is also not in equilibrium relation with the other types of amph-
ibole, 
b) Green Amphibole : This amphibole chiefly occurs as a replacement 
product after the brown amphibole (Plate 6.4). However, it may also be 
formed replacing the relict igneous cpx. The grain size may be up to 2 mm, 
mimicking the brown amphibole. The grains generally show euhedral to sub-
hedral forms. Pleochroism is strong from colourless or very light green 
to deeper green with or without a brownish or bluish tint. 
This amphibole type is intimately related to the brown amphibole. The 
replacement of brown amphibole by this green variety can be observed at 
various stages. At the early stages of the process, the green amphibole 
tends to have a brownish tint, but in the advanced stages the brownish 
tint disappears and greenish pleochroism dominates. In some instances, 
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patches of relict brown amphibole are observable within the green amphibole, 
exhibiting optical continuity, In fact the green amphibole 9 at any stage 
of the replacement process, inherits the same cleavage patterns of brown 
amphibole in addition to the optical continuity, The uniform extinction 
and non-fibrous form of green amphibole distinguish it from the fibrous am-
phibole, when the pseudomorphing process of brown amphibole by the green 
amphibole is complete. In such grains, there may be areas where the col-
our is a deep bluish green. 
c) Fibrous amphibole : Due to its fibrous form, the grains are 
anhedral but elongated with irregular ends. The size varies a great deal, 
largest grains may be 2 mm long and l mm wide. However they are usually 
around 0.3 to 0.7 mm long. The extinction is wavy and non-uniform. The 
pleochroism is strong from colourless or slightly greenish to deeper and 
darker green colours. Unlike some of the qreen amphibole grains, the fib-
rous amphiboles have no brownish tint. 
The fibrous amphibole grows largely at the expense of chlorite and cpx 
(Plate 6 o 2) o Where chlorite normally occurs in the non-amphibolised rocks 
of 00ne A, is largely taken over by the fibrous amphibole in the zone B 
rocks. They also replace prehni te, pwnpellyi te and sometimes epidote, 
quartz and albitised plagioclase, 
Amongst all the amphibole types described above, the fibrous variety 
is the rnost corrunon one occurrir~ in the amphibol ised rocks. 
increases from sub--zone B1 to B2 , and in the latter case, 
cocks together with albi teo 
6o3o2 Chemistry 
6. 3 o 2.1 Introduction 
Its abundance 
it dominates the 
56 amphibole analyses (12 brown, 15 green and 29 fibrous types) are 
presented in Appendix IV.2o2. In the calculation of the standard amphibole 
formula, the i'ollowing general procedure is followed : 1) Tetrahedral site 
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(Z) occupancy = 2 0 000 9 includes Si, then 3+ Al 9 then Fe ; 2) Y site = 5.000, 
includes excess Al,Fe3 + from Z site then Ti 9 Mg 9 then Fe
2
+, then Mn; 3) 
<>_,_ 
site = 2.000, includes excess Fe"'· 1 Mn from Y site~ then Cn, then 
i\ia; Ll) A ·"ite = 0-1.000 9 includes excess Na from~'-\ site,then K, 
Water determination can not be made by microprobe which also returns 
2+ total Fe as Fe • The Fe3+ /Fe2+ ratio is important in the amphibole class-
3+ ification and a correct knowledge of Fe proportion is essential, for 
instance1 in the correct calculation of Na in M1 site. As will be discussed l 
in section 6.3.3.2, the Na (M4) content of amphiboles is believed to be 
pressure dependent. 
3+; 2-t- . Therefore, in this study, in order to estimate the Fe Fe rat1o 1 
perfect amphibole stochiometry was assumed i.e. exactly 2 hydroxyl ions in 
the basic amphibole formula A X Y Z 0 (OH) and the analyses were cal-
o-1 2 5 8 ~2 2' 
culated on the basis that total number of oxygen anions combined with the 
total number cations must be 211 and any deficiency from 0=,2l~co000 was made 
') J+ b t · Fe"'+ to Fe • up y cover 1ng The main objection to this method may be 
that it ignores the possibility of hydrogen deficiency such as occurs in 
oxyamphiboles which is balanced by high Fe3+ 9 or due to halogen replace-
ment of the hydroxyl ions. However the occurrence of oxyamphibole is rel-
atively rare and many metamorphic hornblendes do rot contain sufficient 
J+ Fe to balance their apparent hydrogen deficiency in the manner postu-
lated for oxyhornblendes (Binns, 1965). 
Some of the Fe3+/Fe2+ ratios obtained by this method were also com-
pared with those obtained using an unpublished computer program developed 
by R.Phillips (1972, personal communication). The agreement is satis-
factory and in the case of brown amphiboles, it may even be perfect. 
However, in order to have a better insight into the problem, the basic 
amphibole formula is also calculated on water-free basis to 23 oxygen, 
assuming 2 (OH) and total Fe:;; Fe2+. In Table 6. 2 the results by the two 
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TABLE 6. 2 
r----~ 
Bf{)WN AMPHIBOLE GREEN AMPHIBOLE FIBOOUS ANPHIBOLE 
211 0; H 0 ~3 0, 24 O,HjO I 23 0 24 O,H,:P 23 0 
-- 2 --
F2= I d r ~3 + --3+ Total I + I Total total Fe= ; and Fe Fe= 1 and Fe I an ·e 
I estim- ~ 2-t- 1 estim- . .-. 2.1. estirn- -.2~ 
~ a ted 11'" ! ated L ~ I ated I i Analyses P282 lB P282 lB P282 lA P282 lA I P276 lD P276 lD 
I --~--- I • i SiO., ltl1. 80 411.80 11?.117 I It? • It 7 5().25 5(). 25 
"" 
I 
I 
I 
Fe 
I 
I Ti0 2 3.20 J. 20 l.JJ l.JJ 0.1.3 0 .It) 
I 
I A1 20 3 9.36 9.36 
6.82 6.82 4.08 I 4.08 I 
I 1 } } I Fe 0 2.93 4.68 3.90 I I 2 3 1 llo 49 16.33 20.16 Fe{) 11.85 j 12.12 16.65 
Mr() 0.17 0.17 0.2) 0.2) 0.32 0.)2 
I I I 
MgO j 12.00 12.00 12.12 12.12 10.29 10.29 
CaO 10.70 10.70 11.13 11.13 11.19 11.19 
Na 0 2 2 .61t 2.61± 1.81 1.81 0.55 0.55 
K20 o. 21t 0.24 0.16 0.16 0.07 I 0.07 I 
H o+ 2.011 - 2.011 - 2.02 I -2 
I 
Total 99.911 97.61 99.91 97.40 99. 711 97.33 
Atom. prop. 
Si 6.588 6.637 6.978 7.059 7.463 
I 
7.535 
I I 
Aliv 1. 1!12 1. 363 1.022 0.941 0.537 l 0.465 
I 
Alvi 0.212 0.272 0.160 0. 25ft 0.178 0.256 
I Ti 0. 351t 0.357 0.147 0.149 0.048 0.049 
Fe3+ 0.324 - 0.518 - O.ldlt -
Mg 2.630 2.65() 2.656 2.687 2.277 2.299 
Mn 0.022 - 0 .O:.:C) 
- -
-
Fe2+ (M ) 
- 0.073 - 0.120 0.007 0.132 4 
Mn(M
4
) 
- 0.022 - 0.030 0.040 0.041 
Ca 1.686 1.699 l. 753 1.773 1. 780 l. 797 
Na(M11 ) 0.314 0.206 0.247 0.077 0.156 0.030 
Na(A site) 0.438 0.539 0.268 0.436 - 0.128 
K(A site) 0.01±4 0.045 0.031 0.031 0.01.3 0.013 
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methods are compared for representative amphibole analyses for each type 
of amphibole. 
It is important to note that the method (1) followed in this study 
. . h F 3+ h'l th th d ( 0 ) h t t F F ~+ tend~ to max1m1se t e e 9 w 1 e e me o ~ w ere o al e= e · 
3+ asswne.s no Fe present. Comparison shows that method ( 1) produces lower 
cation ratios, therefore, there is slightly more Al in Z site; less div-
.:tlent ions (Fe and/or Mn) 9 but moreNa in the X site; hence less A-site 
occupancy than those calculated by method (2). Another interesting ob-
servation is that method (1) may allocate up to 0.15 Fe3 + atoms into the 
Z site (in the hornblendes and the green amphiboles only), while method 
(2) calculations avoid the need of allocating Fe3+ into z, but they con-
2+ 
siderably increase the amount of Fe and Mn in the X site. 
In the following pages determinations made by method (1) will be 
used, however, references will be made to those by method (2) where nee-
essary. 
6.3.2.2. Nomenclature 
Figs.6 .11 and 6.12 are commonly used amphibole classification diagrams. 
All the amphiboles, having (Ca+Na) in the X site). 1. 34 and Na in the X site 
~0.67, are also plotted in Leake's (1978) classification system for the 
calcic-.:tmphibole group (Figs.6.13 and 6.14). The f.'ibrous and green amph-
iboles have Na+K 1.n the X site <O. 50 and Ti <.0. 50 while they are ~50 and 
< 0.5 for the brown amphiboles respectively. It will be shown in a pro-
ceeding section (6.3.2.4) that it is most likely that the calculated am-
ounts of Fe3+ is more or less correct and there is much Fe3+ exceeding 
the amount of Al vi (average = 0. 22) in the amphiboles. Therefore, the 
brown amphiboles are plotted in a separate classification diagram of 
Leake(l978)than for the fibrous and green amphiboles (Fig. 6.14). 
Brown amphibole : Considering the Figs. 6.11 and 6 .12, it is evident 
that these primary amphiboles have a considerable chemical variation, 
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extending from edenite to pargasite and common hornblende. Similarly, Leake's 
scheme (Fig.6.14) identifies these amphiboles in a range, varying from mag-
nesio-hastingsitic hornblende to edeniti.c hornblende. l analvses fa] 1 inq i.ntn 
the edenite field. Thus, it seems that no single name would be sufficient 
to cover all the brown amphibole analyses. But generally they are eden-
i tic to hastingsi tic hornblendes. The conclusion that these hornblendes 
are hastingsi tic rather than pargasi tic is also indicated by an averag·e 
100 X Ng ---~.,-"" 3 value of 63 with a range from 57 to 70 (Deer et al, Mg+Fc~++Fe ++Mn 
1974; Fig. 64, p. 172). 
Fibrous Amphibole: It is apparent from the classification dia-
grams that these amphiboles are best described as belonging to the tre-
molite-ferroactinolite series. In Leake's classification diagram (Fig. 
6.13), which takes a Si value of 7.50 to separate the tremolite-ferroa-
ctinolite series from hornblendes, the fibrous amphiboles are class-
ified as actinolite to actinolitic hornblendes. However, in this study a 
Si value of 7.20 is preferred as the boundary between tremolite-ferro-
actinolite series and hornblendes following Miyashiro (1973). Then all 
fibrous amphiboles are classed as belonging to the tremolite-ferroact-
inol i te group. 
To further classify the group, Leake (1978) uses Mg-numbers of amph-
iboles Mg x 100 at 50 and 90 to distinguish ferroactinoli tes, actina-
lites and tremolites respectively, while Deer et al(l974,Fig.59, p. 16l!) 
takes Mg X 100 
2+ 3+ Mg+Fe +Fe Mn 
values at 20 and 80 respectively. According to 
the Leake's scheme, most of the Polusagi fibrous amphiboles, and according 
to Deer et al's scheme all of them, are actinolites, 
Green amphibole : As discussed in the next section, the chemistry of 
these amphiboles falls between the other two types. This is also clearly 
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demonstrated in the classification diagrams referred to presently. The 
tie lines drawn in Figs. 6.11 and 6.12 connect the hornblendes and their 
direct alteration products : the green amphiboles. Where the alteration 
of the hornblendes is at an advanced stage (as observed in thin sections), 
the green amphiboles are affiliated to the actinolites and where this is 
not so, their chemistry and thus nomenclature, occupies fields gradational 
from the hornblendes to the actinolites, Therefore, a single descriptive 
name for this type of amphibole will not be used,but simply referred to 
as the 'green amphibole' hereafter. 
6.3.2.3 Chemical variation 
Chemical variations in all amphiboles against Mg-number are pre-
sented in Fig.6.15. The tie lines are between green amphiboles and their 
parental brown hornblendes. The following :features are apparent: 
1) Chemically the actinolites are very different from hornblendes. 
Actinolites are distinctly richer in Si, total Fe, and Mn, but equally 
poorer in Al 9 Na and Ti. There is no systematic difference in Ca. l~rn-
blendes, on average, are richer in Fe3+ 
2) Progressive alteration of hornblende into the green amphibole 
involves enrichment in Si, Fe3+ and Mn and depletion in Al, Na, Ti and 
to a lesser extent Ca. Therefore the alteration of hornblende is towards 
acquiring an actinolitic chemistry. 
3+ Mg, and Fe contents of the green amphiboles seem to move away from 
the actinolite compositional field while altering from the hornblendes; 
acquiring 3+ higher Mg-numbers and Fe • This is certainly an effect of 
the host rock chemistry discussed in section 6.3.3.1, since the host 
rocks for the green amphiboles have very high Mg-numbers, 68 to 80, while 
the Mg-nwnbcrs of the host rocks for actinolites vary from 40 to 72, The 
3+ increased Fe contents of the green amphiboles indicate a stronger oxid-
ising environment during metamorphism than was prevailing during the 
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crystallisation of magmatic hornblendes. 
3) In actinolites and hornblendes Fe3+ 9 in general, decrea.:::es 
•.·;hile Si and Mn increase with decreasing Mg-numbers. Al 9 Ca,Na and Ti 
do not exhibit any systematic change in any of the amphibole types. 
It is of interest to note that the Si trend, in relation to decreasing 
Mg-number, is qualitatively very similar to the trend of the same compon-
ent exhibited in the host rocks with advancing fractionation (Chapter five, 
Fig.5.5). 
6.].2.h Crystal chemistry 
In half the hornblendes, green amphiboles and a couple of actinolites, 
the available Al is not totally sufficient to make up the Z site to 8.000, 
and up to 0.15 atoms of Fe3+ may be assigned to the Z site. The Aliv/ 
Al vi ratios are high;) 7 in the hornblendes and vary from around 1 to over 
8 in the actinolites. iv vi ~ Al and Al values range from 0.9 to 1. t and from 
0 to 0.2 in the hornblendes and from 0.2 to 0.8 and from 0 to O.ll in act-
inolites respectively. The presence of Fe3+ in the Z site can be disputed 
however, in any case, what is unambiguously clear is that especially in 
the hornblendes much of the iron must be present in ferric state in the Y 
. t . d J+ I s1 e compensat1ng for the tetrahedral Al and tetrahe ral Fe w1en pres-
ent. Since the chemistries of the actinolites and the hornblendes are 
different, they will be examined separately. 
Actinolites : The dominant incorporation of total Al into the Z site is 
largely compensated for by the tschermakite-ferritschermakite type coupled 
substitution: Aliv + (Alv\Fe3+,Ti)~Si + (Mg,Fe2+) (Fig,6.11). As Fig. 
6.16 shows, however, this type of reaction is not totally sufficient to 
iv 
compensate for the Al and a small amount of deficiency is apparent. As 
the A site is virtually vacant in actinolites the edenitic charge bal-
ancing substitution (Na+Aliv~ CJ+Si) could not be operative. Instead,a 
glaucophane-riebeckite type substitution [Na+(Alvi,Fe3+,Ti)~Ca+(Mg+Fe2+)] 
is indicated by Fig.6.17 to be responsible in maintaining the charge 
0 
0 
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balanc~. 
Hornblendes : These amphiboles have A site occupancies varying from 
0.1 to 0.7 and averaging to 0.5. The diagrams used presently for actino-
1 i tes indicate that in addition to the major ferri tschermaki te-tscher-
makite and minor glaucophane-riebeckite type coupled substitutions, horn-
blende8 also exhibit considerable edenitic substitution. Richteritic sub-
sti tution, NaA +N~iF'D +Ca is discredited as the partitioning of Na into the 
A and X sites is not positively correlated (Fig.6.18). It is interesting 
that the A site occupancy seems to be positively correlated with Ti (Fig. 
6.19) and not with Alvi+Fe3+ in theY site which suggests a substitution of 
The green amphiboles, in general~ show all the above named substit-
ution reactions to various degrees depending on their composition, whether 
they are closer to the actinolites or the hornblendes. 
That the substitution reactions accounted for above satisfy the charge 
balance requirements of the amphibole chemist17 is demonstrated in Fig.6.20. 
The plot is based on the asswnption that any deficiency due to the tscher-
makite-ferritschermakite type substitution is balanced by the charge diff-
erence between edenitic and glaucophane-reibeckite type coupled substitu-
tions i.e. vi 3+ iv 3+ (Al +Fe +2Ti)y-(Al +Fe )z=(N~l1 - A site c,ccupancy) or (Y-Z)-
(X-A) = 0. The plot shows that the charge balancing is very good in horn-
blendes, good in actinolites and fair in green amphiboles. The departures 
from the ideal situation is created by cation deficiencies in the X sites, 
where the occupancy varies from 1.95 to 2.00 for the actinolites and the 
green amphiboles. 
'1 
The extent of replacement reaction Mg ~Fe"'+ is demonstrated by the 
variations of Mg-numbers in the range ll)-68 in the actinolites, 64-71± in 
the hornblendes, and 6!1-87 in the green amphiboles. 
NaM 4 
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6.3.3. Factors controlling the chemical variations 
6.3.3.1. Chemical factors 
It was noted previously (Section 6,J,2,J) that chemical variation of 
Si in the actinolites and hornblendes 9 in relation to decreasing Mg-nwnber, 
is positively correlated with the same element variation in the parent 
rocks. F'ig.6.21 is a plot of the host rock Mg-nwnber against the amphi-
bole Mg-number and dennnstrates a positive correlation. Mn falls in sym-
pathy with iron both in the amphiboles and the host rocks. Therefore, it 
is CO!lcluded that variations of Si, Mg 9 total Fe and Mn in the amphiboles 
are largely controlled by the host rock compositions. Similar findings 
are reported 9 for example, by Shido and Miyashiro (1959) and Binns ( 1965). 
However, the host rock chemistry does not seem to affect the concen-
trations of Ti,Al 9 Na and Ca i,n the amphiboles 9 thus, factors other than 
chemical may be operative. 
6.3.3.2 Physical factors 
Temperature and pressure of formation may have some bearings on the 
distributions and concentrations of Ti, Al and Na. It is recognised by 
many workers that partitioning of AI into the octahedral and tetrahedral 
sites; partitioning of Na into the X and A sites and the mere concen-
trations of Ti in amphiboles are pressure and/or temperature dependent and 
may serve as indicators of the physical conditions of formation e.g. grade 
of metamorphism. 
Ti tanilml : Ti content of metamorphic amphiboles steadily increases 
with increasing grade of metamorphism (Shiclo and Miyashiro 9 lf)59; Binns, 
1965; Cooper and Lovering 9 1970;Raase 9 1974). Rising Ti 9 and also the amount 
3+ 
of Fe 9 reflect themselves on the metamorphic hornblendes as changing col-
ours from blue-green to green to brownish 9 for example in the Willyama com-
plex amphibolite-granulite facies described by Binns 1965). Raase (1974) 
provides the following maximum Ti values (as cations per formula unit) for 
hornblendes of various metamorphic grades: 
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1) Greenschist - amphibolite transition facies 0.08 
2) Low-grade amphibolite facies 0.13 
3) High-grade amphibolite facies 0.22 
\) Hornblende-granulite facies 0.29 
Raase also states that the amount of Ti is largely a measure of tempera-
ture, rather than pressure. 
The Polusagi actinolites contain up to 0.08 cations of Ti per form-
ula unit, excluding 1 analyses which has 0.10, while the hornblendes may 
have up to 0. 44 Ti. Therefore, the. Ti contents suggest that metamorphlc 
'· 
grade may be up to greenschist-amphibolite transition facies and that the 
hornblendes formed at temperatures above those attained by hornblende-gran-
ulite facies. 
Aluminium : Leake (1965,1971) pointed out that the hornblendes from 
magmatic and contact metamorphic rocks vi have generally low Al and Si 
contents than those from regional metamorphic rocks and suggested that 
Alvi was pressure dependent. Binns (1965) noted that while the Alvi 
increased with metamorphic grade, Aliv showed much the same range in horn-
blendes from New South Wales. Raase (1974), using published data, devised 
vi 
a plot of Al vs. Aliv in which he defined fields for low and high 
pressure environments, below and above 5 kbars respectively, for the 
formation of metamorphic amphiboles. Fleet and Barnett (1978) showed 
that increases in Aliv and Alvi are coupled with increases in temperature 
d t . 1 d d d 1 t of Aliv vs. Alvi. an pressure respec 1ve y an pro uce a p o They pro-
posed that the boundary between high-pressure (7 5 kbars) and low-pressure 
(< 5 kbars) assemblages should be at Aliv/Alvi = 2.0,which is more or less 
equivalent to the 5 kbars line of Raase (19711). 
The Polusagi amphiboles are presented in the last mentioned plot in 
Fig.6.22. The acti1mlites fall into the low pressure field defined by 
Fleet and Barnett (1978). However, most of the actinolites, having Aliv 
iv 
<0.5, plot below the range of Al values used in the construction of 
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their diagram. Hornblendes plot into the f'ield nonnally assigned for igneous 
amphiboles i.e. Aliv/Alvi> J.J and indicate similar pressures to(~ 5 kbars), 
but much higher temperatures of formation than,the metamorphic amphiboles. 
Sodium : In greenschist facies, where calcic amphiboles are present, 
Na content shows correlation with load ~ressure. This f'eature is used by 
Brown (1977) to establish a tentatively cali~rated plot of the crossite 
content of amphiboles (defined as the amount of Na in the M4 site) against 
Aliv which, as was discussed previously, can be used as a temperature 
indicator. Brown (1977) states that the crossite content of actinolites 
is pressure dependent only in assemblages which include albite, chlorite 
and iron-oxides. Then the crossite content is buffered by a reaction 
fore, at any given temperature and pressure the Na(M4) content is fixed, as 
long as other phases are present. 
The problem with this method is that the amount of' Na(M
4
) in the 
structural formula is dependent on the method used to determine the Fe3+; 
'), 
Fe~T ratio as pointed out in section 6.).2.1. For this reason9 in Fig. 
6.2), the Na (M4) contents of the Polusagi actinolites- which have the 
required assemblage of minerals-calculated by method (1) as well as method 
(2) have been plotted. The diagram 9 in any case, suggests pressures 
below J kbars and probably around or lower than 2 kbars for the metamor-
phism, which does not contradict the value estimated by the Al method. 
Calciwn - The Ca content of the amphiboles probably reflects the 
amount of Na and divalent ion (e.g. Fe2+) substitutions into the X site and 
does not seem to be influenced by the physical conditions. 
In the Polusagi amphiboles, Ti 9 Al and Na variations do not follow 
any systematic patterns related to the metamorphic zones defined at the 
beginning of this chapter. This is most likely to be due to the rather 
limited temperature and pressure ranges across the zones since the indic-
ators are not sensitive to such relatively small variations in the physical 
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conditions within the prehnite-pumpellyite and lower greenschist £acies 
metamorphism. 
In conclusion 9 the amphibole chemistry indicates that the pressure 
during the metamorphism was less than J kbars and probably around or even 
less than 2 kbars. It emphasises the di££erent physical conditions £or 
the £ormation o£ the actinoli tes and the primary hornblendes, the latter 
having a higher temperature environment o£ £ormation. 
Further support £or the above conclusion comes £rom the £act that the 
A site is vacant in the actinolites and on average hal£ 1illed in the horn-
blendes. This feature points to their di£ferent environment o£ formation 
as the increased occupancy of the A site is a matter of higher grade phy-
sical conditions (Cooper and Lovering,l970). As it was shown, the horn-
blendes show considerable edenitic substitution while the actinolites are 
characterised by tschermakitic substitution and the absence o£ edenitic 
substitution. This again indicates that the two amphibole types belong 
to high and low grade environments respectively (Binns, 1965). 
6.4c Chlorite 
6.4.1 Mode o£ occurrence 
Chlorite is an ubiquitous metamorphic phase in all the studied rocks 
of igneous origin. However its abundance decreases from basic and inter-
mediate rocks to acid rocks as well as £rom zone A to zone B. This is in 
line with the general recognition that chlorite abundance decreases with 
increased grade (Winkler 9 1974). Textural relations of the metamorphic min-
erals, discussed later in this chapter, suggest that chlorite was one of 
the earliest phases £ormed under metamorphism. 
It is found in two locations in the rocks: 
a) Groundmass : It occurs as decomposition product o£ the fine-
grained or glassy matrix (Plate 6 .5). Not only cbes it replace the ground-
mass, but it also acts as the chief replacing phase £or the albitised 
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plagioclase laths, sometimes completely pseudomorphing them. This mode of 
occurrence is more common than the next described. 
b) Amygdales and small veins 
meter 9 may be entirely filled with 
Some amygdales, up to 2 mm in dia-
chlorite. In other cases 9 chlorite 
shares the gas vesicles with calcite, quartz and sometimes epidote and prehnite 
and rarely with pyrite (Plate 6.6). In the latter case 9 chlorite is an 
early phase and may form thin coats around the margins of otherwise calcite 
anq/or quartz filled amygdales. Some thin veins may be simply chlorite 
filled, or the space shared by the above mentioned phases. 
Chlorite occurs predominantly as fine-grained poly-crystalline agg-
regates. Individual grains are rarely greater than 0.1 mm acvoss 9 and 
usually show fibrous and radiating forms. In rare cases, well crystallised, 
euhedral,lath shaped grains are seen to have grown in some amygdales filled 
with coarse poly-crystalline quartz. These chlorite crystals show stronger 
pleschroism and higher birefringence colours and are rare. 
In the fine-grained and fibrous chlorites, the colour9 pleochroism 
and birefringence colours are very variable. There is a continuous grad-
ation of the birefringence colours from greenish to bluish then to brown-
ish,and on this basis the chlorites can be divided into J major types : 
a) Greenish chlorites : Birefringence colours vary from light 
grey-green or yellowish-green to green. 
b) Bluish chlorites : These have various shades of grey-blue, 
light blue or purplish birefringence colours. 
c) Brownish chlorites : Birefringence colours grade from light 
purplish-bro\m to somewhat deeper brown. 
In going from the greenish to the bluish chlorite types 9 light bluish-
green or greenish-blue shades can be recognised, although rather arbit-
rarily. The colour and the strength of pleochroism also vary from the 
greenish to the bluish, then to the brownish chlorites. The greenish 
chlorites have relatively weak pleochroism and the colour varies from 
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Plate 6.5 : Albitised plagioclase laths 
(white) and chlorite groundmas s (grey).Black 
is Ti- rich magnetite. Sample: Pl37, XSO, 
crossed- polars. 
Plate 6.7 : Phenocrystic plagioclase, albi-
ti sed then replaced by chlorite, sericite 
(dark patches) and prehnite (light patches). 
Sample: P53, X30, crossed polars. 
Plate 6.6 : Gas vesicle filled w!th prec1p1 -
tat1on of chlorite (dark margin) followed by 
epidote (grey core7. Note the alignment of 
fine albite laths around the vesicle. Sample: 
Pl93, X30, crosseJ - polars . 
Plate 6.8 : Typical amygdoidal prehnite. 
Note the radial extinctiOI·; in some grains. 
Sample: P213, X40, crossed - polars. 
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nearly colourless to slightly greenish, while in the brownish chlorites 
pleochroism is stronger and generally varies from light-greenish to 
greenish. 
In general, each rock sample contains one or the other tYPe of 
chlorites. However, this is not always true and some samples clearly 
contain two or more types especially distinctly seen in the gas vesicles, 
though not confined to them. Then the fine grained aggregates of chlorite 
show zonation of birefringence colours from the margin to the core of 
the chlorite filled amygdales. Invariably, the zonation from the margin 
to the core is either from the greenish to the bluish chlorites or from 
the bluish to the brownish chlorites. 
6 .11. 2 Chemistry 
6.4.2.1 Introduction 
76 chlorite analyses (6 from gabbros, 8 from plagiogranites, 3 from 
dacites, 24 from andesites and 35 from basalts) are presented in Appendix 
IV.2.J. They include 9 brownish, 36 bluish and 31 greenish chlorite types, 
24 of which come from volcanic rocks which are either mineralised or occurr-
ing immediately in the vicinity of 'stockwork' type sulphide mineral-
isation. 
The structural formula was calculated by assuming 16 (OH) ions and 
the oxygen combined with the total cations = 36 in the basic chlorite 
formula Y12z8o20(0H) 16 • The water content is thus estimated and any 
deficiency from 0 = 36 is attributed to the presence of ferric iron. The 
analyses totals vary from 85.5% to 88% without water and from 961), to 100% 
with the estimated water content. Although some totals look rather low, 
they are comparable to other chlorite analyses carried out by the electron 
micro-probe (e.g. Hietanen, 1974; Beddoe-Stephens, 1977). The possible 
causes of low totals may be that there is more water than estimated in the 
chlorite structure or some analytical inaccuracies due to the relatively 
-209-
high and volatile water content. 
The chlorite chemistry does not seem to be simple and the variations 
obse:rved can not be explained in a simple manner without taking into 
account the host rock compositions, grade of metamorphism, and the extent 
of sulphide mineralisation the rocks might have undergone, Therefore, 
while examining the chemistry, each type of chlorite i.e. greenish, bluish 
and brownish, will be treated separately and those from mineralised rock 
samples will be given some consideration where necessary, This is also 
important since the chlorites are unique amongst the metamorphic minerals 
in that they occur relatively abundantly in almost every rock sample of 
igneous origin across the metamorphic zones and show a fair degree of 
chemical variation. The albitised plagioclases, though of as widespread 
occurrence, show very little chemical variability. Therefore, the varia-
tion in the chlorite chemistry may be useful to demonstrate the variations 
in and due to the metamorphic conditions and provide clues as to the nature 
of sulphide mineralisation. 
6 .4.2.2 Nomenclature 
The chlorites are plotted in the conventional classification diagram 
of Hey (1954) in Fig. 6.24. Only 3 analyses indicate minor amounts of 
3+ o1 Fe , therefore they are all classified as unoxidised chlorites. Over 90~ 
of the chlorites, irrespective of the type, plot into the pycnochlorite 
field; a few are scattered into the brungsvigite and diabantite fields, 
but still very close to the pychochlorite field. 
6.4.2.3 Crystal chemistry 
The simple but extensive substitution Mg~Fe2+ (Fig.6.27) is opera-
tive in the chlorites and the extent is indicated by widely varying Mg-
number, from 73 down to 34. Small amounts of divalent ions, such as Mn, 
may also occupy theY site, probably preferably replacing Fe2+. The sub-
stitution of Si by Aliv is compensated for by Alvi (Fig.6.25) with a 
CDupled substitution of the type: Aliv+Alv~Si+(Mg,Fe),indicated in Fig.6.36. 
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6.4.2.4 Chemical variation 
I . t . t f F J+ . d' d . J gnor1ng he m1nor amoun s o e 1n 1cate 1n only analyses, it 
seems that all iron is in the ferrous state. It varies from 6.1 to 2.6 
(atoms per formula unit), while Mg ranges from J.l to 7.2 in going from the 
greenish to the bluish then to the brownish chlorites. This is the most 
conspicuous chemical distinction between the chlorite types as shown in 
Fig. 6.27. It is clear that the three optically defined chlorite groups 
can also be chemically defined on the basis of the extent of Fe2+ sub-
stitution for Mg as follows: 
a) Greenish chlorites 
b) Bluish dhlorites 
2+ Mg(4.9, Fe) 4.1, orMg-number(.51. 
4.9.(.Mg(.6.2, J.5(.Fe<.4.1, or Mg-number 
in the range:::a51-64. 
c) Brownish chlorites : Mg)6.2, Fe(J.5, or Mg-number)64. 
These chemical boundaries, however, cannot be strictly applied since 
the transition from one type to the other is gradational and occurs within 
a Mg-number range of ~2 from the defined values, and also because the Mg 
+ 
2+ 
and Fe contents are not the only chemical parameters describing the 
groups. 
The Si and Al contents of the chlorites range from 6.3 to 5.5 and J.5 
to 5.2 atoms per formula unit respectively. With decreasing Mg-number, 
they do not exhibit clear trends unless the Si and Al contents of the green• 
ish, bluish and brownish chlorites are treated separately. Fig~.28 is a 
plot of Si (or Aliv) against the Mg-number, and Fig.6.29 demonstrates the 
variation of total Al with the Mg-number. From these figures the following 
features are apparent: 
a) Each type of the chlorite groups exhibits decreasing Si (or 
iv 
increasing Al ) and increasing total Al trends with decreasing Mg-numbers. 
b) At a given total Al or Si value the Mg-number increases in going 
from the greenish to the bluish then to the brownish chlorites. 
c) At a given Mg-number, Si decreases and total Al increases in the 
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order from the greenish to the bluish then to the brownish chlorites. There-
fore, each type of the chlorite can be fully defined only when Si, Al, Mg 
and Fe contents are considered. 
d) The brownish chlorites occurring 1n the volcanic rocks are 
a3sociated with sulphide mineralisation i.e. they occur in association with 
the stockwork mineralisation or in lavas from the immediate vicinity of 
the mineralisation. 
e) In each group of chlorite:;; those from the mineralised lava 
samples have lower Si (or higher Aliv) and higher total Al than the rest 
of their types at a given Mg-number. 
It is perhaps worth roting here that the Si and Al trends with de-
creasing Mg-number 9 exhibited by each group of the chlorites, are not 
similar to the trends of these elements exhibited in the host rocks 
with advancing differentiation. Therefore, their concentrations are not 
directly influenced by the whole-rock composition. 
Mn content of the chlorites does not show a regular trend with the 
Mg-number. However Mn contents of the chlori tes occurring in the non-
mineralised rock samples are low and mostly in the range 0.04 to 0.10 
atomic cations i.e. O.J to 0.6 wt % respectively, and those from the min-
eralised lavas are higher and in the range 0.10 to 0.~ (or 0.6 to 2 wt%). 
Increases in the Mn content of the rocks during.hydrothermal metamorphism, 
which lead to the mineralisation, was also noted in Chapter three. 
Ca is present in small amounts varying from 0.01 to. O.lJ (0.05 to 
0.60 wt% respectively) in all the chlorites. The chlorites from the 
mineralised rocks are much lower in Ca than average, most having Ca con-
tents around 0.02 atoms per formula unit. Depletion in the Ca content 
of the mineralised rocks was also noted in chapter three. Therefore, it 
seems that the Mn and Ca contents of the chlorites in the mineralised 
rocks are affected by the concentrations of these elements in the mineral-
ising solutions. 
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Ti, Na and K contents are very small. Most of the chlorites have 
less than 0.01 (0.06 wt%) Ti and less than 0.0~ (0.12 wt%) total alkali 
contents. 
6.~.3 Factors controlling the chemical variation 
6.~.3.1 Chemical factors 
Mg-numbers of the chlorites and the host rocks, plotted in Fig.6.30, 
are positively correlated in a general way. The correlation is stronger 
for the chlorites from the hypabyssal rocks and the data points for the 
chlorites from the volcanic rocks are rather scattered, although they 
show some degree of positive correlation. Therefore, it is reasonable to 
assume that the Mg and Fe contents of the chlorites from the hypabyssal 
rocks are dominantly controlled by the host rock composition. 1-bwever, 
this is only partly so for the chlorites from the volcanic rocks and 
there may be other factors involved in the process. The apparent devia-
tion in the behaviour of the chlorites from the two different rock sett-
ings may be caused by the following considerations: 
a) All the hypabyssal rock samples studied belong to group A 
rocks, therefore by definition, the alteration is relatively uniform and 
they show little element mobility. The volcanic rocks, on the other 
hand, belong to rock groups A,B or C i.e. the alteration is variable and 
the rocks exhibit relatively high element mobility (Chapter three). 
b) The hypabyssal rocks are confined to the greenschist facies 
metamorphism,i.e. zone B, and due to relative uniformity of the physical 
conditions their influence may be masked by.the influence of the host 
rock compositions. The volcanic rocks however 9 are present in all the 
metamorphic zones. Thus the physical conditions of metamorphism were 
somewhat more variable for the volcanic rocks, from prehnite-pumpellyite 
facies to greenschist facies. 
Therefore, in considering the physical condition of metamorphism as 
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additional controls over chlorite Fe and Mg contents as well as over 
the Si and Al contents, only the chlorites from volcanic rocks will re-
ceive further attention below. 
6.4.3.2 Physical factors or grade of metamorphism 
Increases in Al contents of chlorites with increasing metamorphic 
grade have been reported by Pincent (1974), Kuniyoshi and Liou (1976) 
and Beddoe-Stephens(l977). Also, Mg-rich chlorites are stable to higher 
temperatures than the Fe-rich chlorites (Turnock 1959,1960). Therefore, 
the Al contents and the Mg-numbers of the chlorites should be influenced 
by the temperature of metamorphism as the pressure during the Polusagi 
metamorphism is indicated to be low. 
In Figs.6.Jla and6.3lb Si (or Aliv) and total Al contents of the 
chlorites are plotted against their Mg-numbers respectively. Chlorite 
analyses in these diagrams are plotted according to the general metamorphic 
zones in which they occur. When studied in conjunction with the obser-
vations made on the chemical variations of the chlorites in section 6.4.2.3 9 
the following features are observed: 
a) The greenish chlorites are typical of zone A and are confined 
to this zone. 
b) Zone B lavas contain only the bluish and brownish chlorite 
types. 
c) Zone A lavas, in addition to the greenish chlori tes~ also 
contain the bluish and the brownish varieties which are typical of zone 
B. The volcanic samples ~n 30ne A, containing the typical zone B chlor-
ites are mineralised or at least come from exposures in the vicinity of 
exp(>sed sulphide mineralisation (stockwork type). 
d) Ignoring the chlorites associated with sulphide mineralisation, 
the general trend from zone A to zone B chlorites involves increasesin Mg-
number and total Al and decrease in Si. 
From these observations the following conclusions are, therefore, drawn: 
AI IV 
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a) The physical conditions of metamorphism, mainly the temperature, 
govern the distributions of Si and total Al in the chlorites. Mg and Fe 
contents of the chlorites are influenced by the temperature as well as 
the host rock compositions. Increasing temperature leads to decreasing 
Si and increasing total Al and Mg-numbers. 
b) Prehnite-pumpellyite facies conditions typically produce the 
greenish chlorites, while greenschist facies the bluish and the brownish. 
c) Amygdales filled with zoned chlorite aggregates indicate that 
metamorphism was a progressive one. 
d) Although,in general, prehnite-pumpellyite facies metamorphism 
prevailed in zone A, there were areas with localised higher temperature 
conditions where the stockwork sulphide mineralisation took place. 
e) The chlorite compositions and the optical properties ,there-
fore, can be used as a guide to the localised areas in zone A where higher 
temperature conditions existed and thus to the possibility of unexposed 
mineralisation. As an application of this method, it is suggested that 
outcrops of the samples P76 and P93, - containing higher grade forms of 
chlorites yet not obviously mineralised,ma~ not be far away from some 
unexposed sulphide mineralisation albeit a stockwork type. 
6. 5 Plagioclase 
6.5.1 Mode of occurrence 
Plagioclase usually is the most abundant mineral in the rocks. It 
shows itself in two modes: 
a) Groundmass plagioclases - These invariably occur in lath-like 
:forms with serrated or split ends in the volcanic rocks. The size of the 
laths is variable in the general range from a few tens o:f microns to about 
1 mm 1n length and 0.1 mm in width; in rare cases the laths may be as 
long as 7 mm. However, in each rock sample the variation in size is 
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relatively restricted. In some cases 9 when they occur with the clinopyrox-
enes~they tend to cluster around the clinopyroxene grains in the groundmass. 
In the lavas, the plagioclase laths are sometimes clearly aligned, probably 
due to the flow structures present in the lavas. 
b) Phenocrystic plagioclases: Some volcanic rocks do have some plag-
ioclase phenocrysts, but they are relatively rare. These plagioclases show 
euhedral forms and are equidimensional as opposed to the lath-shaped ground-
mass plagioclases and generally 2-3 mm in diameter. 
The gabbro and plagiogranite samples also have 2 different sizes of 
coarser plagioclases. The smaller grains may show similar forms to the 
groundmass plagioclase, but are o.5 to 1 mm in size. The larger plagioclase 
grains are coarse and may be 7 mm in diameter in the plagiogranite. 
As will be shown in the next heading, both the groundmass and pheno-
crystic plagioclases are almost totally pseudomorphed by albite and most 
have dusty, cloudy and speckled appearances, sometimes darkened by the fine 
inclusions of other minerals. In many cases they show uneven extinction. 
The cloudy, unclear nature of the plagioclase in thin sections is due to 
replacement and the formation of some fine grained metamorphic phases with-
in the plagioclase grains. These phases may be sericite, calcite, chlorite, 
epidote, prehnite, pumpellyite and probably some fine particles of iron-
oxides, see plate 6.7. The replacement of plagioclase by the other phases 
is somewhat irregular and varies from sample to sample with the probable 
exception of the sericitic and chloritic clouding. 
In most of the gabbro samples, there seems to be a new growth of clear 
plagioclase rim replacing the cloudy and darkish core, but this phenomenon 
is relatively uncommon compared with the above described unclear plagio-
clases. 
Texturally, nearly all plagioclases exhibit primary igneous relations. 
Only in very rare cases were irregular-shaped small plagioclase aggregates 
observed along some veins. It seems that metamorphic albite simply 
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pseudomorphed the igneous plagioclase 9 largely retaining the igneous tex-
tures and even preserving the typical plagioclase twinning. 
6.5.2 Chemistry 
85 plagioclase analyses (21 in basalts, 41 in andesites, 4 in dacites, 
7 in gabbros and 12 in plagiogranites) are presented in Appendix IV.2.4. 
The anorthite,albite and orthoclase proportions of the analyses are plotted 
in the conventional ternary diagram in Fig.6.32. Compositionally, all 
the analyses, excepting the 5 from the gabbro samples P246 and P258, are 
albites. All An contents are less than 6%, and 75% of the analyses have 
less than 2% An. However, 3 analyses from P246 and 2 from P258 have olig-
oclase and andesine compositions respectively. These calcic plagioclase 
compositions are those of the clear and late growth plagioclase rims re-
placing the cloudy albite cores. 
All plagioclase analyses contain less than 1.5% orthoclase component 9 
excepting 4 analyses where the range is 2 to 4%. The Fe content is variable 
and small, up to 0.03 atoms per formula unit (0.86 wt%), but mostly in the 
range 0 to 0.008 (0- 0.24 wt%). Mn, Mg and Ti contents are negligible. 
There is a chemical zonation from An
1
_
2 
in the cores to An
4
_
5 
in the 
margins observable in single albite grains from zone B rocks. It is 
interesting to note (Fig.6.J2) that the albite grains from zone A rocks 
having An contents in the range 3 to 6 are those associated with the miner-
al ised rocks, or the rocks not far from the zone A-subzone B boundary. 
1 
6.5.3 Factors controlling the chemistry 
The fact that almost all plagioclase compositions are of albite, 
despite the large range of host rock composition within which they occur, 
indicates that the host rock compositions had little, if any, effect on the 
plagioclase chemistry. 
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It is well established that albite is the only stable plagioclase in 
the prehni te-pumpellyi te and greenschist facies (or ''very low grade" and 
"low grade") metamorphism, regardless of the CaD contents of the rocks (e. g. 
Miyashiro 9 1973~ Winkler 1974). With increasing metamorphic grade 9 An 
content increases. At higher temperatures 9 as metamorphic grade moves into 
the amphibolite facies (or the medium grade metamorphism of Winkler 9 1974) 9 
there occurs a jump in the plagioclase composition from about An5 to An17 
which is governed by the peristerite unmixing. The temperature at which 
this "abrupt and universal" jump takes place is estimated to be 2D°C to 
~°C lower than the temperature of transition from the low grade to the 
medium grade metamorphism defined by Winkler (1974). The formation of the 
more calcic plagioclase (An} 17) involves a reaction of Ab with Ca and/or 
Al rich phases such as epidote, calcite, chlorite, prehnite and pumpellyite, 
and it is supposed to be influenced by the temperature and pressure of met-
amorphism and mineral assemblages (Miyashiro,l973). Higher temperatures 
lead to higher An content of the calcic plagioclase; however, higher 
pressures may retain Ab up to amphibolite facies. 
Therefore, the physical conditions prevailing in zone A (prehnite-
pumpellyite facies) and zone B (greenschist facies) must have been the major 
factors transforming the unstable igneous plagioclases into the stable 
albite. The release of the An content from the igneous plagioclase would 
then produce Ca-rich and probably Al-rich metamorphic phases such as 
epidote, calcite, chlorite, prehnite and pumpellyite, which are all found 
in the Polusagi rocks. 
The "abrupt compositional jump" from the cloudy albite cores (An<. 6) 
to clear plagioclase rims of oligoclase and andesine in some gabbro samples, 
albeit not common, suggests that the metamorphic temperatures in zone B 
must have approximated to the temperatures of the transitional condition 
from the greenschist facies to amphibolite facies in certain localities. 
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Since the pressure during the Polusagi metamorphism is believed to be 
low (section 6.J.J,2) 9 and probably did not vary a great deal, the inc-
rease in the An content of the albites may be related to the increasing 
temperature. This would mean that the mineralised rock samples of zone 
A must have undergone higher local temperatures than the non-mineralised 
rocks - a conclusion also reached in previous sections. 
6.6 Epidote 
6.6 .1 Mode of occurrence 
Compared with the other mineral phases dealt with so far epidote 
is relatively scarce in the Polusagi rocks. Its distribution is somewhat 
erratic and may be abundant in some volcanic rock samples, especially 
along cracks, in amygdales as well as in isolated areas. Although 
present in all the rocks of the suite it seems to be comparatively more 
abundant in the rocks of zone B. Epidote is colourless to yellowish with 
greenish-yellow pleochroism. It may be in the form of relatively coarse 
fibrous sheaves or well-crystallised euhedral to subhedral grains or 
sometimes irregular fine-grained masses. Some euhedral grains may show 
slight optical zonation and be up to 1 mm across. It o~curs in amygdales 
or cracks with chlorite and quartz and in the groundmass chiefly as a 
phase replacing the plagioclase. The replacement of plagioclase by 
epidote is generally observed as fine epidote grains or sometimes irr-
egular masses within the cloudy plagioclase laths and phenocrysts. To a 
lesser extent it replaces the clinopyroxene and sometimes the chlorite. 
6.6.2 Chemistry 
40 epidote analyses (8 in basalts, 18 in andesites, 6 in dacites, ~ 
in gabbros and 6 from plagiograni tes) are included in Appendix IV. 2.5. 
The structural formula is calculated on the basis of 8 cations and by 
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asswning 1 hydroxyl ion to estimate the water content. Any deficiency from 
0=-13 lis made up by converting the fe<rrous iron into ferric iron. 
6.6.2.1 Nomenclature 
In the epidote group minerals the chemical variations are mainly 
due to substitutions of ferric iron and/or trivalent Mn for Al between 
the end-members zoisite/clinozoisite (Ca2Al 3Si30 12 .0H) and epidote 
(Ca2Fe
3
+Al 2Si3
o12 .0H) and the Mn~rich piemontite. The chemical boundary 
between epidote (or the so-called pistacite) and clinozoisite is rather 
oL 3+ arbitrary and is taken at 10~ Fe end-member i.e. the pistacite per-
centage (Ps%) by Miyashiro and Seki (1958). Winkler (1974) indicates 
a boundary at Ps% = 15. In natural occurrences, the Ps content rarely 
3+ oL 
exceeds 1 atom Fe per formula unit correspondin~ to a Ps~ = 33, but 
values up to Ps% ~ liO are recorded. 
In the Polusagi epidotes, the Ps% varies from 17 to 37 with an aver-
age value of 29. Even when all iron is assumed to be in the ferric 
state, the Ps% is still high and in the range 21 to 39. Therefore, 
whatever the value of Ps% used to distinguish clinozoisite from epidote 
may be, the Polusagi analyses fall into the epidote field. 
6.6.2.2 Chemical variation and crystal chemistry 
Si contents of the epidotes do not depart significantly from the 
ideal 3 atoms per formula unit and average to 3.04 with a range from 
2. 97 to 3 .ll1o Thus, there are extremely small amounts of Al substituting 
for Si, even then only in about one-quarter of the epidotes analysed. 
Al ranges from 2.10 to 1.82 atoms (22-19 wt%) while total Fe 
( 3+ 2+ calculated Fe +Fe ) from 0.63 to 1.16 atoms per formula unit ( 11+-19 wt%)c, 
It is indicated that most of the iron is in the ferric state and up to 
24% of the total Fe may be in the ferrous state. Fig.6.33 shows that al-
though the calculated Fe3+ is negatively correlated with Al, the ~+site 
occupancy is up to 0.25 atoms deficient from the ideal 3 atoms. The 
-227-
addition of Fe2+ into the R3+ site,already occupied by Al+Fe
3
;brings the 
occupancy to 3.00 ~ 0.10 atoms (Fig.6.34). This means that either all the 
calculated ferrous iron is incorporated into the R3+ site or that nearly 
all total iron is in ferric state i.e. the calculated amounts of Fe3+ is 
erroneous. The latter is more likely 2+ 0 3+ as the entrance of Fe 1nto R 
site would cause charge imbalance which carmot possibly be fully compen-
sated by the small Ti content, which is present in R3+ site only up to 
0.03 atoms or 0.5 wt%, or by possible trivalent Mn. The RJ+ site occup-
ancy in one analysis 9 even when total Fe = Fe
3+ is assumed, is rather low, 
but this analysis is also unusually rich in Mg (0.21 atoms) - far in 
excess required to fill the R2+ site- and contains 1.97 atoms of Ca. 
This would suggest that some degree of divalent ions, in this case Mg, 
3+ 
may possibly be incorporated into the R site. 
The R2+ site on the Polusagi epidotes is largely occupied by Ca. 
The Ca in the R2+ site varies from 1.85 to 2.04 atoms with an average of 
1.95. Total alkali content in the epidotes is very small and averages to 
0.008 atoms or 0.6 wt%. Mg and Mn contents are mostly small, but may be 
up to 0.2 (1.7 wt%) and 0.07 (1 wt%), averaging to 0.02 (0.2 wt%) and 
0.02 (0.3 wt%) atoms respectively. 
Analyses of one optically zoned epidote grain (P240
1
B for the margin 
and P2401 c for the core) indicate that the margin is slightly richer in Al, 
Mn and Mg and slightly poorer in total Fe and Ca. The Ps% in the margin 
is 31.6 and in the core 34.1. Similar but stronger chemical zonation 
1n epidotes has been reported, for example, by Brown (1967). 
6.6.3 Factors controlling the chemistry 
6.6.3.1 Chemical factors 
Despite their occurrences in the compositionally varied host rocks 
the Si and Ca contents are relatively constant indicating that host rock 
composition was not an effective factor over the epidote chemistry. The 
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same is true for total Fe and Al contents as the Ps% and the host rock 
Fe total ratios are not correlated. Therefore the ~ain chemical 
Fe total +Al~Pl 
variation in the epidotes i.e. the extent of Fe3+ substituting for Al, 
may have been influenced by other factors. 
6.6.3.2. Physical factors 
Chemical variations with metamorphic grade in epidotes is complex. 
Miyashiro and Seki (1958) report that in the Kanto Mountains, Japan, the 
epidotes from the lowest grade metamorphic rocks have a Ps% range 20 to 35 
with maximum frequency at 30 and the range becomes 0 to 50 in the higher 
actinolite-greenschist facies. Kuniyoshi and Liou ( 1976) point out that 
the Ps% of the epidotes from prehnite-pumpellyite facies decreases 
slightly from around 30 to around 26 as metamorphic grade increases to 
epidote-amphibolite facies. 
The above observations are not contradicted by the Polusagi epi-
dotes. Although in a general sense the epidotes from zone A show slightly 
more restricted Ps% range than those of zone B, clearer observations are 
hampered by the fact that only 10 epidote analyses are from zone A rocks 
most of which are mineralised samples. Hence, they may not represent the 
temperatures typical of zone A metamorphic conditions. 
The Ps% of epidotes seems also to be a function of the oxygen fugacity. 
The shift in the Ps content of the Fe-rich epidotes towards Fe-poor epi-
dotes with increasing metamorphic grade is attributed to a decrease in the 
oxygen fugacity by Beddoe-Stephens (1977) who shows that the Ps content 
of the epidotes in the Rossland volcanic suite, British Columbia, is re-
lated to, and positively correlated with, the Fe3+ /Fe2+ ratio of the 
host rocks. Thus the high Ps content of the Polusagi epidotes raises the 
point that the oxygen fugacity may have been relatively high during meta-
morphism, which is supported by the high oxidation ratios of the rocks 
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(Appendix II). There is a suggestion however, that the zone A meta-
morphism may have experienced higher oxygen Tugacity conditions than the 
zone B metamorphism since the epidotes with the highest and lowest total 
Fe 9 therefore FeJ; contents are from zone A and zone B rocks respectively. 
6. 7 Prehni te 
6.7.1 Mode of occurrence 
Prehnite occurs in zone A rocks in small amounts and in even smaller 
amounts in sub-zone B1 rocks irrespective of the rock compositions. By 
definition, it is absent from sub-zone B2 rocks. 
It occurs along small veins with other phases such as chlorite, 
calcite, epidote or quartz. In the amygdales they are associated with 
quartz and calcite and sometimes with pumpellyite. The general form is as 
poly-crystalline aggregates associated with amygdales, the aggregates 
being up to 2mm across and each individual grain about 0.1 mm (Plate 6.8). 
However, it also occurs in the groundmass as individual crystals, up to 
1 mm in diameter, with generally non-fibrous forms showing uneven extinc-
tion. In some amygdales it shows sheaf-like, radiating, fibrous forms 
with radial extinction. It has a low relief and is colourless, sometimes 
with anomalous birefingence. 
Those grains occurring in the groundmass are generally there as a 
plagioclase - replacing phase associated with calcite 9 epidote and chlor-
ite. They are relatively stable in zone A rocks, rarely showing textures 
suggestive of replacement by chlorite, but in sub-zone B rocks, they are 
1 
unstable and chiefly replaced by actinolites. 
6.7.2 Chemistry 
20 analyses of the prehnite (12 in basalts and 8 in gabbros) are 
presented in Appendix IV.2.6. The structural formula is calculated on 
the basis that total cations '1.4 and OH = L1. Any deficiency from 2h 
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3+ oxygen is attributed to Fe and the water content is estimated with the 
assumption that H=4. 
6.7.2.1 Chemical variation and crystal chemistry 
The Si content of the Polusagi prehnites is relatively uniform and 
approximates to the ideal 6 atoms per formula unit. The variation is in 
the range 5.97 to 6.15 averaging to 6.06. Only in 3 analyses small 
quantities of Al replacing Si are indicated. The R2+site contains Ca in 
the range 3.78 (24.8 wt%) to 4.11(27.4 wt%) with an average of 3.96. The 
alkali content (Na+K) 9 asswned to be replacing Ca is therefore expectedly 
low and up to 0.04 atoms (0.16 wt%). Mn and Mg contents are very low and 
up to 0.03 (0.3 wt%) and 0.16 (0.8 wt%) atoms respectively. Ti, when 
present, is in negligible quantities. 
The most important chemical variation in the prehnites is seen in 
total Fe and Al concentrations. This is governed by a solid-solution 
series between the two ideal end members ca
4 
Al 4 Si60 20 (OH) 11 and CahFe1l 
Si 0 (OH) . . 6 2() 4 :t .• e. by 1ron substituting for Al. Total Fe which is indic-
ated to be dominantly in the ferric state in most of the analyses, con-
tinuously substitutes for Al up to 0.9 atoms per formula unit (Fig.6.35). 
Similar but higher degrees of Fe substitution of Al in prehni tes is re-
ported by Surddm (1969). 
6.7.3 Factors controlling the chemistry 
The main chemical variation in prehnites i.e. total iron substit-
uting for Al is not related to the concentrations of total Fe and Al in 
the ~ost rocks. However, the suggestion that most of the total Fe in pre-
hnites is in the ferric state and the high Fe3+/Fe2+ratios of the host 
rocks (Appendix II) indicate that perhaps the extent of Fe~Al sub-
stitution reaction is related to the iron oxidation ratio in the host rocks. 
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The correlation of the degree of Fe substitution for Al with the meta-
morphic zones is not clear for the Polusagi prehnites. This may be due to 
the relatively restricted range of metamorphic conditions under which the 
prehni tes have formed. However, amongst the prehni te analyses from zone A 
rocks 9 4 analyses from a mineralised sample (P213) consistently contain 
the highest total Fe contents. If it is assumed that this mineralised 
sample underwent a relatively higher temperature of metamorphism than the non-
mineralised samples from zone A9 this would! suggest that the replacement 
of Al by Fe is temperature dependent, increasing with increasing temper-
ature. It may also be due to higher amounts of Fe3+ available, i.~. 
higher oxygen fugacity, during the metamorphism of mineralised rocks. 
However, such conclusions can only be tentative in this study and need 
verification by more detailed work. 
6.8 Pumpellyite 
6.8.1 Mode of occurrence 
Pumpellyite is a rare phase and the least abundant metamorphic min-
eral observed in the Polusagi rocks. Apart from 1 basalt sample in sub-
zone B it is confined to the basaltic rocks of zone A. It is associated 
l 
with prehnite, quartz, epidote and chlorite and occurs as an amygdale 
filling phase (Plate 6 .9). The form is generally fibrous with radiating 
sheaf-like structures, where it shows radial extinction. Some non-fib-
rous varieties are cloudy with yellowish or brownish tints occurring in 
the groundmass. 
6.8.2 Chemistry 
6.8.2.1 Introduction 
9 analyses of pumpellyite from 3 basalt samples are presented in 
Appendix IV.2.7. The calculation of the structural formul~ is based on 
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Plate 6.9 : Gas vesicle filled with pump-
ellyite s howing radial extinction. Note the 
thin coat of quartz (white) around the 
margin . Sample: .P48, X200, cros sed- polars. 
Pla t£• 6 . 11 : Hound quart7. g rains (white) 
wilhin chlorite (patclt light t!:rey areas). 
Note the opaques ( hJ.ack) and t he albiliscd 
p lagioclase l aths. Sample : P219, X50 . 
... 
Plate 6.10 : Calc ite with opaque inclusions 
(iron-oxide). Sample: P24A, X2CO, crossed -
polars. 
--~----· . - ------ - .. 
Plate 6.12 : Ti - rich magneti t e (black) being 
replaced by fib1·ous amphibole (sLr latcd, 
dark g rey) . &:lmple: 1'277, Xl:!O, crossed-
p olars. 
-235-
the assumption that total cations = 16, and it contains 7 hydrogens ass-
ociated with 2 water molecules and 3 OH ions which are used to estimate 
the water content. Oxygen deficiency from 28 is made up by converting 
iron into the ferric state. 
Coombs et al ( 1976) suggest that the general formula of pumelly-
. (OH) 2+ ( 2+ ite 1s W1/ 2Y4z6o(2{)+x) 8 _x 9 where W=Ca, Mn, Fe ; X= Mg,Fe 9 Mn)1_x', 
(Fe3+, Al) , ; Y=Fe3+,Al and Z = Si,Al. The allocation of theca-
x 
tions into various sites in the Polusagi pumpellyites is carried out by 
the following procedure (Passaglia and Gottardi, 1973):1)2=6 contains 
( . 3+ 2+ Si, then Al if the sum of octahedral cations Al, T1 9 Fe ,Mg,Fe ,Mn) ) 6; 
2)Y=4 contains Al, Ti and then Fe3+; 3)X=2 contains excess Al an~or 
,. 
Fe3+ from Y site and then Mg, Fe2+ and Mn; 4)W=4 contains excess Mn and 
Fe2+ from X site and then Ca, Na and K. These calculations for the Pol-
usagi pumpellyites are listed in Table 6.3. 
6.8.2.2 Nomenclature 
In this study, the scheme of nomenclature suggested by Passaglia and 
Gottardi (1973) is adopted as it seems to be gaining popularity (e.g. Coombs 
et al, (1976); Offler et al 9 (1981)). According to this classification, the 
Polusagi pumpellyites are iron-rich pumpellyites, since AI is predominant 
in the Y site and total Fe is the dominant component of the X site. Due 
to the uncertainties in the oxidation-state of the iron in the X-site, 
they cannot be further classified into pumpellyite-Fe3+or pumpellyite -
F 2+ e ' but both names are indicated by the estimated 
6.8.2.3. Chemical variation and crystal chemistry. 
iron oxidation ratios. 
The Z site is fully occupied by Si which averages to 6.12 atoms per 
formula unit. Ca in the W site is relatively uniform, but more varied than 
Si, in the range ).73 to 4.02 with an average value of 3.85 atoms. In 
2+ 
addition to Ca, up to 0.05 atoms of Fe and 0.04 atoms of Mn are allo-
cated into the W site alongside total alkalis up to 0.13 atoms. 
TA.BLE 6.3 
Chemical Formula calculation~ for the Purnpe1lyites. 
Analyses P76-2A P76 -2B P7G -3B P76-3C P:O:l3-JA P213-itA P~213-.',B P213-~C P27l-1B 
--
Si 6.163 6.098 6 .16'1 6.137 6.161 6.077 6.039 6.01±3 6.157 
Z total 6.163 6.098 6.169 6.137 6.161 6.077 6.039 6.0\3 6.157 
Ti 0.003 0.001, 0.001, 0.004 0.007 0.005 0.001 0.001, 0.00~ 
Al 3-997 3. 996 3. 79'· 3.996 ).993 3.837 3. 763 3.803 3.996 
Fe3+ 
- -
0.202 
- -
0.158 0.236 0.193 
Y total 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 li .{X)() I 
N 
Al 0.240 0.186 0.192 0.324 0.329 w - - - - 0\ 
I 
Fe3+ 0.464 0.627 0.789 0.537 0.348 0.882 0.948 0.933 0.)')1, 
Hg 0.522 0.516 0.520 0.51,8 0.021 0.556 0.583 0.6'·7 0.101 
Fe2+ 0.774 0.657 0.621 0.671 1.264 0.1£9 0.371 0.405 1.176 
Mn - 0.011. 0.027 0.025 0.0~3 0.018 0.014 O.Oll 
X total 2.000 2.000 1.957 1.973 2.000 1.925 1.916 1.996 2.000 
Fe2+ 0.031 
- - - - -
- - 0.052 
Hn 0.019 0.017 - - 0.037 - - - 0.0:28 
Ca ") ,.....,....., ..) • (0 ~ ).873 3. 71.0 ).874 3.808 3.958 4.018 }.936 3.725 
Na 0.019 0.013 0.130 0.023 0.003 0.039 0.026 0.0:24 0.035 
K 0.002 0.000 0.002 0.000 O.CX)l 0.002 0.000 0.000 0.004 
W total 3.833 3.903 3.872 3.897 ).849 3.999 4.044 ).960 3.844 
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The dominant and important variations in pumpellyites are those of 
total Fe 9 Al and Mg 9 occupying the octahedral X and Y sites (Coombs et al 1976) 
The total Fe 9 Al and Mg contents of the Polusagi pumpellyi tes in these 
sites vary in the range 1.61 to 1.24o 9 3.76 to L±o32 and0.02 to 0.65 atoms 
respectively. These variations are plotted in Fig. 6.36 9 and compared 
with the pumpellyites from other areas. The Polusagi pumpellyites are 
similar to those reported from the prehnite-pumpellyite facies meta-
morphic rocks of Upper Wakatipu 9 Vancouver Island, Olympic Peninsula, 
Janes town and to some reported from Taiwan Ophiolites. 
The dominant substitution reactions in the pumpellyites are Fe2~ 
Mg and Fe3 t=:. Al indicated in a plot of total Fe 3+ 2+ i.e. Fe + Fe , against 
Al+Mg (Fig.6.37). 
6. 8.3 Factors controlling the chemistry 
All the pumpellyite analyses are from 3 samples and Si,Al 9 total Fe 
and Mg contents are rather varied even in the analyses from one sample. 
Therefore, the chemical or phy;sical factors that may have affected the 
chemistry are very hard to assess. In general,the effects of the various 
factors seem to be complex. Jolly (1980) reports that the iron contents 
of pumpellyites increases with increasing iron content of the host rocks. 
On the other hand 9 such a host rock compositional influence is shown to 
be non-operative by Offler et al (1981) in the pumpellyites from low-
grade metamorphic terrains in Newcastle, New South Wales, Australia. 
These authors state that the more important factors are "the intensity 
of alteration and the chemistry of the fluids in contact with the solid 
phases forming the domain where the pumpellyite has nucleated". Schif:fman 
and Liou (1980) point out that the compositional variations between Fe-
and Al-rich pumpellyites are dependent on metamorphic grade as well as 
rock cornposi tion. According to these authors, pumpellyi tcs with <10 wt% 
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total Fe (as Fe20 3 ) are associated with pumpellyite-actinolite or blue-
.schist facies and those with )10 wt% total Fe with zeolite or prehnite-
pumpellyite facies metamorphism. However, the Polusagi pwnpellyites, 
having about 9-12 wt% total Fe and being associated with prehnite-pumpell-
yite facies (zone A), seem to have transitional total Fe contents. Schiffman 
and Liou (op cit) also consider that the crystallisation of high iron-rich 
pumpellyites under low-grade conditions may be a proce.ss strongly influ-
enced by solution chemistry and oxygen fugacity. 
6.9 Other mineral phases 
Calcite, quartz, opaque oxide phases and sphene-leucoxene are the 
other phases worth consideration in the Polusagi rocks. Minerals of 
economic value, sulphides, sulpbosalts and related minerals will be des-
cribed in the next chapter. 
6.9.1 Calcite 
It occurs in appreciable anounts only in the basaltic rocks of zone 
A and is rather scarce in the other rock types. It is present in small 
quantities 1n sub-zone B
1 
and absent in sub-zone B2 • Calcite is gen-
erally a vein and amygdale filling phase, sometimes together with other 
phases such as chlorite, prehnite and quartz. It is also commonly found 
as a decomposition product after plagioclase. In the latter case, it is 
not coarse-grained but rather fine and may form numerous isolated pat-
ches within the albitised plagioclase laths or phenocrysts. In some 
basaltic rocks of zone A the calcite filled amygdales also contain iron-
oxides where calcite may also be associated with patches of hematite (Plate 
6.10). 
-241-
6.9.2 Quartz 
This is a common metamorphic mineral and its abundance increases 
from basic to acid rock types of zone A; it is relatively scarce in zone 
B rocks. It is practically impossible to distinguish the primary quartz 
occurrences from the metamorphic ones and it seems that most, if not all, 
of the primary quartz has been mobilised and recrystallised. In the 
rocks from the stockwork mineralisation the development anQ/or intro-
duction of secondary quartz into the rocks is most intense and in many 
cases it becomes the dominant mineral phase together with pyrite. In the 
lavas it occurs as an amygdale filling phase on its own or to-
gether with chlorite 9 calcite and prehnite. It is also found as a phase 
replacing plagioclase and less commonly clinopyroxene. Its relation 
with chlorite 9 especially in andesitic and dacitic rocks of zone A, is 
conspicuous in that spherical quartz grains around 0.1 mm in diameter 
are intimately related to chlorite. These round grains sit in the middle 
of chlorite aggregates (plate 6.11) and may be single crystals or poly-
crystalline. This relation is commonly seen where plagioclase seems to 
be replaced by chlorite. 
6.9.3 The opaque oxides, sphene and 1eucoxene 
The opaques in the Polusagi rocks are predominantly Ti-rich magne-
tites. In the gabbro and plagiogranite samples ilmenite also occurs 
either as exsolution lamellae in the Ti-rich magnetite or as separate 
grains. These opaque minerals are not found as phenocrysts or micro-
phenocrysts and the size of the grains are within the range of the 
average grain size of the rocks within which they are found. Ilmenite 
in the hypabyssal rocks sometimes shows skeletal forms. Both Ti-rich 
magnetite ;md ilmenite :tre extensively altered. Alteration is such 
that numerous micro-veins of silicates invade the grains 9 and the sur-
1'ace of the phases under the reflected-light microscope is clouded by the 
silicate replacement. The chief phases replacing the opaques~ especially 
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the Ti-rich magnetite are chlorite (Plate 6.12) and actinolite. On the 
other hand they are also oxidised and altered into hematite, sphene and 
leucoxene. Sphene occurs in all rocks as an ubiquitous but minor phase 
fixing the Ti-released from the opaques and the Ca-released during the 
albitisation of plagioclase. 
One relatively clear patch of Ti-rich magnetite analysed by electron 
microprobe gave the following result with a total of 93%: Fetotal= 
'J'J 2oL S. 'J 9ol 
= --· ~· 1 = ~. ~9 2.2%, Mn = 1.0% which dem-
onstrates the presence of silicates in microscopic scale due to alter-
at ion. 
6.10 General features and textural relations in the metamorphic zones 
6.10.1 Introduction 
Some textural inter-relations have already been mentioned during the 
examination of the individual mineral phases, Here, general inter-rel-
ations of minerals with respect to the zones and the general features 
of the rocks will be discribed. The textural variations in the rocks 
are not only present between the metanorphic zones but also,when studied 
in detail 9 amongst different samples within a zone. Therefore, emphasis 
will be given to the more common and significant features, The zones A, 
B1 and B2 are shown on the map in Fig.6.J8. 
6.10.2 General features of metanorphic zones 
Each zone contains basic, intermediate and acid rock compositions. 
Most of the volcanic rocks in the studied area are in zone A and zone B 
embraces all the gabbroic and plagiogranitic occurrences as well as the 
rest of the volcanics. Thus the zones are not composition bound. It 
seems therefore that the mineralogical variations are mainly due to 
the variations in the metamorphic conditions they have undergone 9 
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although the compositional variations of the rocks in different zones may 
have influenced the relative abundances of the metamorphic minerals. The 
bounda1~ between zone A and zone B is comparatively better defined than 
the boundary between sub-zones B1 and B2 which is rather irregular. In 
a general sense, the boundaries run in a NW-SE direction. Zone A is sit-
uated to the NE covering about half the studied area and includes most 
of the apparent Cu-Zn mineralisation and almost all the Fe-Mn rich sed-
imentary chert bands. The boundaries between the zones are roughly par-
allel to the general strike direction of the volcano-sediments and the 
volcanics. This suggests that the zones 9 therefore the grade of meta-
morphism 9 are depth controlled i.e. with increasing depth zone A passes 
into sub-zone B then to B • 
1 2 
6.10.3 Mineral relations and abundances across the zones 
Clinopyroxene 9 being an igneous relict phase 9 shows no signs that it 
replaces any other phase. On the contrary 9 it is unstable under the meta-
morphic conditions and variably replaced by the metamorphic phases. In 
zone A9 it largely survives the metamorphic conditions and tends to retain 
its igneous £orm. Its decomposition product is mainly greenish chlorite 
and to a lesser extent calcite. In the basaltic andesites of this zone 
minor amounts of quartz also replace it. In zone B9 cpx is largely replaced 
by actinolite (Plate 6.2) and to a lesser extent by the bluish or brown-
ish chlorite and epidote. The extent of decomposition of cpx is variable 
in this zone : it is progressively replaced, mainly by actinolite, from 
sub-zone B1 towards B2 and in sub-zone B2 it is completely overtaken. A 
good example of such a progressive replacement of clinopyroxene is demon-
strated by the basalt samples P252 in sub-zone B and P253 which is sit-
1 
uated a few hundred meters to the SW into the sub-zone B • 
2 
P252 contains 
a lot of relict clinopyroxenes which are clearly attacked and replaced by 
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actinolites, while in P253 the destruction is complete and there is no 
clinopyroxene present. The progressive disappearance of clinopyroxene is 
considered to be a result of the increasing metamorphic grade from zone A 
towards sub-zone B2 • 
The index minerals prehnite and pumpellyite are not only present in 
zone A, - by definition- 9 but also are stable. They are not replaced by 
the other metamorphic phases in zone A. But in sub-zon& B1 they are re-
placed progressively and extensively by actinolite and to some extent by 
the bluish and brownish chlorites i.e. they are present in sub-zone B
1 
as 
unstable phases. The progressive decomposition of prehnite and pumpelly-
ite is completed in the SW corner ot: the mapped area and this, by 
definition, separates the sub-zones B1 and B2 • 
Zone B is defined by the presence of actinolite which becomes pro-
gressi vely more abundant towards the SW from the boundary with zone A. In 
sub-zone B0 , actinolite is the dominant phase together with albite. Tex-
.... 
tural relations suggest that actinolite and the green amphibole are the 
latest metamorphic phases to have formed. Actinblite develops at the ex-
pense of almost every other phase, that is mainly clinopyroxene, prehnite, 
pumpellyite, albite, chlorite and to a lesser extent quartz and brown 
hornblende. In the gabbroic samples, brown hornblende replaces clino-
pyroxene (Plate 6.1) but is replaced chiefly by green amphibole and act-
inolite and to some extent by chlorite and quartz. Clearly the brown 
hornblende is neither stable under the zone B metamorphic conditions nor 
is it a product of the igneous conditions that produced the clinopyroxene. 
It is thought that the brown hornblende belongs to a late magmatic stage. 
Not only do chlorites change physically and chemically from zone A to 
zone B i.e. from greenish to bluish and brownish types, but their abund-
ance also decreases in the direction towards the SW corner of the studied 
area. In zone A, chlori to is the major phase occupying -the groundmass 
and theare i L replaces albite and the opaques. In zone B it retains its role 
-246-
as the major groundmass phase and the decomposition product after albite 
and the opaques, but in reduced proportions. Additionally, it replaces pre-
hni te 9 pumpellyite and the brown hornblende in the gabbroic rocks. In this 
zone 9 it replaces clinopyroxene more extensively than in the volcanic 
rocks of zone A. 
Albite is almost totally confined to the previous plagioclase sites 
and does not replace any other phase. In zone A•chlorite is the main 
phase replacing it but phases such as calcite 9 epidote, prehnite and 
quartz also form after it. In zone B9 replacement by epidote and actino-
lite becomes more important in addition to that by chlorite. In the gabb-
roic rocks, some clear rims of metamorphic calcic-plagioclase develop 
around and at the expense of albite grains. 
Epidote occurs in all zones but its abundance is relatively higher 
in zone B. Sphene does not show any preference to the zones. Calcite, 
as already stated, is present in appreciable amounts only in the basaltic 
rocks of zone A and is scarce in zone B. 
The above observations are summarised in Fig.6.J9. 
6.10.4 General order of crystallisation in gas vesicles 
The gas vesicles and the veins in the volcanic rocks are filled with 
metamorphic mineral phases such as chlorite, quartz, calcite, prehnite, 
pumpellyite 9 epidote and pyrite. Albite is very rare and actinolite is not 
present in the amygdales. The order of crystallisation of these minerals 
follows a general sequence. The most interesting is the relationship of 
chlorites and quartz. When present together in the gas vesicles and veins, 
the deposition of chlorites always follows the same order i.e. from green-
ish to bluish, then to brownish varieties. In others, deposition of chlor-
ites may be alternately followed or preceded by deposition of quartz in the 
amygdales so that a sequence such as: 
Augi~IZ (basic i'Ocks only) 
Amphiboles 
Prehni~e 
Pumpellyite 
Chlorite 
Albite 
Calcic-plagioclase 
Calcite (basic rocks only) 
Quartz 
Epidote 
Sphene 
Opaques 
-2~7-
Z 0 N E A 
Fig.6.J9 Mineral abundances in the metamorphic zones. 
Z 0 N E B 
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quartz=+greenish chlorite-tquartz-.bluish chlorite_,quartz 
may be observed from the rim to the core. These alternations and the 
general order with which other phases crystallise in the gas vesicles and 
veins show that chlorite and quartz are early phases followed by prehni te 
and pumpellyite. These again may be followed by some chlorite and/or 
quartz. Epidote 9 calcite, pyrite and hematite seem to be the later 
phases filling the amygdales and veins. No systematic variation is ob-
served in the order of crystallisation in the volcanics of zones A and B. 
6.11 Evaluation of metamorphic conditions 
6.11.1 Introduction 
Relict igneous phases and textures, lack of penetrative metamorphism 
and the evidence discussed in this chapter indicate that pressure during 
the metamorphism of the Polusagi rocks was low i.e. less than 3 kbars 
and probably even less than 2 kbars. Therefore the main factor that 
determined the variation in metamorphic grade can be taken to be the 
variation in temperature. 
6 .11. 2 Zone A 
The mere fact that zeolites are not present in the rocks of the 
studied area shows that the grade in zone A was higher than the zeolite 
facies metamorphism. The presence of the index minerals prehnite and 
pumpellyite shows that the metamorphic conditions in zone A were of 
prehnite-pumpellyite facies which is recognised as a transitional facies 
between zeolite and greenschist facies metamorphism and reported from 
many areas (E.g. Coombs et al, 1959, 70, 76 ; Jo~ly 9 1970; Miyashiro, 
1978). The same facies is termed "prehnite-pumpellyite-chlorite zone" 
of the "very low grade metamorphism" by Winkler (197'-d. The typical 
assemblage of zone A is albite+¢hlorite +prehnite : pumpellyite : calcite 
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+ quartz + epidote which is commOn in prehnite-pumpellyite facies metamor-
phic conditions (e.g. Miyashiro 1978). 
Nitsch (1971) estimates the temperature of the appearance of prehnite 
+pumpellyite+chlorite+albite in the range J50-400°C. According to the 
experiments of Liou (1971) 9 prehnite-pumpellyite facies is stable, at 
pressures exceeding 2 kbars and around 3 kbars in the temperature range 
250-J80°C and he suggests a maximum temperature for crystallisation of 
prehnite to be 403°C at 3 kbars where fluid pressure = total pressure. 
Glassley (1974) considers that quartz-pumpellyite would disappear before 
prehnite-chlorite with advancing metamorphism at 1 and 2 kbars. Simil-
arly Schiffman and Liou (1980) indicate that in general pumpellyite is 
more stable at lower temperatures than prehnite. The rarity of pumpell-
yite in relation to prehnite in the Polusagi rocks therefore may 
indicate that the lower thermal boundary i'or zone A may have been higher 
than the generally considered temperaturesi.e. ) 250°C. Thus it seems 
reasonable to suggest a temperature range of 300-~0c for the prehnite-
pumpellyite facies metamorphism of zone A. 
6 .11. 3 Zone B 
The typical mineral assemblage of this zone is albite+actinolite+ 
epidote+chlorite;quartz which is typical of basalts and andesites that 
have undergone greenschist facies metamorphism (e.g. Miyashiro, 1978) or 
the "low grade metamorphism" of Winkler (1974). The unstable nature of 
prehnite or its absence in this zone suggests a lower thermal boundary 
at 4.00°C (e.g.Raith et al, 1977). Winkler (1974) estimates the temper-
ature of transition of the greenschist actinolites into hornblende at 
0 
about 500 C and 3 kbars rising only slightly with increasing pressure 
and marking the transition of greenschists into amphibolites. Although a 
change from actinoli tes to hornblende is not encountered in this zone 
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there are signs that the transition temperature into amphibolites was not 
far away : i.e. the bluish tint in some of the actinolites and green amph-
ibole and the observed jump from albite composition to more calcic plag-
0 ioclase compositions which Winkler (1974) states takes place 20-40 C 
lower than the temperatures attained at the transition from "low grade" 
to "mediWJt grade" metamorphism. 
Liou et al ( 1974) indicate an upper thermal boundary of the 
greenschist assemblage albite+chlorite+actinolite at 475°C and the lower 
0 limit of the amphibolite assemblage plagioclase+hornblende at 550 C. 
According to Liou et al (op cit) the transitional assemblage plagioclase 
+actinolite+chlorite 9 which is attained in some gabbroic samples in 
Polusagi 9 occurs within the range l175-550°C. 
0 Therefore, a general temperature range ~-~ C seems reasonable 
for the Polusagi zone B greenschist facies conditions. 
Two further conclusions can be drawn from the above discussion : 
a) The conclusion that in general the temperature range in zone 
A was 300-LL00°C would mean that some local temperatures around and above 
LIJ0°C must have existed along certain zones where stockwork mineralis-
ation took place (see section 6.4.3.2). 
b) Since prehnite and pumpellyite seem to have developed and be-
come unstable later in zone B, it follows that prehnite-pumpellyite facies 
metamorphic conditions must have been prevailing in zone B prior to green-
schist facies metamorphic conditions. This indicates a rise in tempera-
0 
ture during the evolution of metamorphic processes from about 300-~ C to 
t.rv\_500oC . . . . 
'i;VV wh1.ch may be a result of burial under increas1.ngly th1.cken1.ng 
rock pile during submarine volcanism. 
The possible cause of the metamorphism will now be considered. 
6.12 Nature of metamorphism. 
6 .12.1 Introduction 
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Incomplete metamorphic recrystallisation plus the non-penetrative and 
ln,.; pressure nature of the Polusagi meta~orphism sug9est 1-.h.Jt the rocks 
escaped the high or medium pressure type regional orogenlc metamorphism 
that may have been present during the transport of the rocks from the 
Tethyan marginal basin to the present location on land. The gabbroic and 
plagiogranitic intrusions are metamorphosed to the same grade as the surr-
ounding volcanic rocks. This indicates that contact metamorphism due to 
the heat released by the intrusives was not the major cause of metamor-
phism, but that the process was controlled externally. Burial metamor-
phism as defined by Coombs (1961) is taken by Miyashiro(l978) as a cate-
gory to include parts of both low-grade regional metamorphism and ocean-
floor metamorphism. Although "burial metamorphism" must have played a 
part in the process of the Polusagi metamorphism, it is considered more 
likely on the whole that the process was a result of ocean floor hydro-
thermal activities for the reasons explained below. At this point, it is 
beneficial to summarise the now widely accepted hypothesis of ocean floor 
hydrothermal metrunorphism (Elder 1965,1967,1977, Spooner and Fyfe 1973, 
Spooner et al 1977 a,b; Gass 1980). 
Elder's theoretical work (op cit) showed that the hydrothermal 
convection of sea-water through the newly formed hot oceanic-crust was 
not only possible but likely. Spooner and Fyfe (op cit) suggested that 
metrunorphism takes place in sub-sea-floor geothermal systems and such 
systems are an integral part of the sea-floor spreading processes where 
the oceanic-crust is hydrated and oxidised. These predictions are just-
ified by the ubiquitous presence of hydrated and oxidised meta-basalts, 
meta-gabbros and serpentinites in many ocean floor dredge hauls. 
The hypothesis of ocean floor hydrothermal metamorphism proposes a 
sea-water-basalt interaction during hydrothermal convection of sea-water 
through the oceanic-crust along permeable zones of structural weakness 
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created by tectonic movements or permeable pillow lava piles. During the 
convection9 circulating sea-water is heated up and nodified by leaching 
metals like Fe 9 Mn, Cu 9 Zn9 Pb 9 Ni 9 Co 9 Ag and Au and redistributes other 
elements including Si. The circulation of hot brine through 
the oceanic crust imposes a hydrothermal metamorphism whose grade inc-
reases downward from zeolite to greenschist to amphibolite facies. In 
such a sub-sea floor geothermal system, the hot hydrothermal solutions 
undergo chemical and thermal evolution before they finally are discharged 
into the sea-water. During their return to the ocean floor the fluid3 
are directed along discrete localised channels such as faults along 
which precipitation takes place in response to decreasing temperature as 
fluids rise. On the sea-floor, a reaction between the heavy metal-enrich-
ed hot brine and the sea-water occurs, resulting in precipitation of sul-
phides or Fe-Mn oxide or hydroxide-rich sediments. In favourable sites, 
these accumulate and form ore bodies. An important feature of this hy-
pothesis is that it requires abnormally high thermal gradients on the 
oceanic crust for activation,such as ocean floor spreading centres. 
Circulation of hot brine in such geothermal systems not only causes 
intense metamorphism, but also provides an important mechanism for trans-
porting and depositing a variety of heavy metals from the oceanic-crust 
to the ocean floor. 
Metamorphic events resulting from ocean floor hydrothermal activ-
ities are now recognised in many ophiolites including those from Troodos 
(Spooner et al 9 1977 b; Gass, 1980) 9 E.Liguria, Italy (Spooner and Fyfe, 
1973; Spooner et al, 1977a), East Taiwan (Liou and Ernst, 1979), Betts 
Cove (Coish, 1977), Sarmiento, Chile (Elthon and Stern, 1978) and 
Southern Cordillera, Chile (Stern et al, 1976). The Cyprus cupriferous 
pyrite deposits are identified with the sites of discharge of the hot 
brines (Spooner et al 1977b). Oxygen and strontium isotope geochemistry 
of the E.Ligurian and Troodos ophiolites (Spooner et al 1977 a 9 b) and the 
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1ead and strontium isotope geochemistry of the metalliferous sediments of 
Troodos; Baer Bassit (Syria) and Semail Nappe (Oman) ophiolites support 
the hypothesis of ocean floor hydrothermal metamorphism (Gale et al,l981). 
In recent years, such geothermal systems connected with ocean floor 
spreading processes have been discovered in many locations on the sea-
floor such as the East Pacific Rise and the Galapagos rift, where hydro-
thermal vents with fluid temperatures up to 400°C actively precipitating 
sulphides and Fe-Mn rich sediments have been observed (MacDonald et al, 
1980 ; Bischoff,l980; Francheteau et al, 1979; Hekinian,et al,l980;rise pro-
ject group, 1980; Corliss et al 9 1979; Edmond, 1981). 
6.12.2 The Polusagi metamorphism 
It is proposed that the Polusagi rocks have undergone an ocean floor 
hydrothermal metamorphism which took place at the Tethyan marginal ocean 
basin crust by considering the following criteria: 
1) Miyashiro e~ al (1971) assume that the ~rust beneath the normal ocean 
basins is about 6 km thick and estimate that the temperature at the base 
would be in the order of 120-180°C. During the greenschist facies meta-
morphism in the Polusagi rocks temperatures as high as 500°C are ind-
icated. Therefore, even if it is assumed that the Polusagi greenschist 
facies metamorphism • took place at the bottom of the Tethyan oceanic 
crust, the temperatures and hence the thermal gradient. are still abnor-
mally high. High~al gradient associated with the metamorphism is also 
evident from the fact that the vertical thickness of the rocks studied is 
in the order of 2 km within which a metamorphic temperature variation 
in the order of 21:XPC is indicated. The fact that the temperature in-
creases from top to bottom in the studied area suggests that the dominant 
heat source must have been the underlying magma and less importantly 
the heat of the volcanic or hypabyssal rocks. 
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2) The Polusagi rocks have been hydrated to various degrees 
during metamorphism. The water content of Jlto analysed samples (Appendix 
II) shows an average value of 2.6% and a range 0.9 to Lto%, which is in-
corporated mainly into the metamorphic minerals such as chlorite, pre-
hnite, pumpellyite and actinolite. The average water content of ocean 
floor basalts is quoted as O.J% by Spooner et al (1977 a,b) who consider 
the hydration as a clear evidence of alteration by water-rock interac-
tion. Therefore, the hydrated nature of the Polusagi rocks is consistent 
with a prooess of water-rock interaction. 
J) The Polusagi rocks exhibit Fe20 3/Fe0 ratios from O.J to 1.6 
(Appendix II), the same ratio is as low as 0.15 in the average ocean 
floor basalt (Spooner et al 77a). The Polusagi rocks are therefore 
oxidised to varying degrees and on average the Fe 0 /FeO ratio decreases 
2 3 
from zone A rocks( average 0. 78) to zone B rocks (average 0.55). Such a 
decrease of ferric iron proportion i.e. oxygen fugacity, with depth is 
also indicated by epidote chemistry (section 6.6.).2). These obser-
vations suggest that in the upper parts of the metamorphosed Polusagi 
rocks 9 solutions responsible for the hydration were also relatively more 
oxygenated than the lower parts. The solutions producing such alteration 
could not have been juvenile water as it would be reduced and hydrogen 
enriched (Spooner and Fyfe l973)o These suggest that the fluid respon-
sible for the metamorphism of Polusagi rocks was introduced from the top 
which predominantly circulated downward and oxygen was progressively 
consumed with depth. The most obvious source in a sub-marine environ-
ment is the then existing Tethyan sea-water. 
4) The suggestions made above are also consistent with the 
occurrence of calcite predominantly in zone A i.e. upper levels of the 
metamorphosed rocks. During the sea-water-rock interaction in the Tet-
hyan marginal basin crust, the sea-water, which must have contained some 
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· d C 2+ d HCO- ld t t . t th k t h t d d d1ssolve a an J' wou pene ra e 1n o e roc s, ge ea e an 
enriched in Ca which is released by the breakdown of plagioclase to al-
bite. Further downward movement of this brine, now enriched in Ca 9 would 
result in a further increase in temperature and since the solubility of 
Ca decreases drastically with increasing temperature (Coish 9 1977; Holland 
and Malinin, 1979) calcite would precipitate rapidly at the upper sections 
of the rocks 9 with the lower sections being largely devoid of it. 
5) The dominently down-going hot brine must be discharged upwards 
towards the sea-floor along channels and zones such as faults passing 
through the upper parts i.e. the zone A rocks at Polusagi. This would 
not only lead to a decrease in the temperature of the metal enriched brine, 
thus resulting in stockwork mineralisation along the discharge channels 
and subsequently heavy metal rich precipitates or sediments on mixing 
with sea-water on the sea-floor, but also cause a higher grade hydro~ 
thermal metamorphism of the rocks adjacent to the discharge channels. 
Therefore the observation made earlier in this chapter that in zone A the 
mineralised rocks or the rocks adjacent to the mineralised areas generally 
indicate higher temperatures of metamorphism, is explicable by these 
mineralised rocks being altered by fluids introduced from below zone A 
having higher temperatures than generally attained in the zone. In 
other words these localised areas represent the discharge channels or 
zones for the hydrothermal solutions that caused the metamorphism and 
produced the stockwork mineralisation,where temperatures around or above 
400°C were attained. 
-256-
CHAPTER SEVEN 
ORE MINERALISATION 
7 .1. Introduction 
The general relations of ore mineralisation to enclosing rocks in 
the Polusagi and Canakci areas have been discussed in Chapter two and 
the presence of 'disseminated', 'stockwork' and 'massive' ore types in the 
volcanic rocks of the Polusagi area was emphasised. It was shown in the 
foregoing chapter that the Polusagi rocks were hydrothermally metamor-
phosed to prehnite-pumpellyite facies grade1 passing downward to green-
schist facies grade in a geothermal system operating on the Tethyan mar-
ginal basin. There it was suggested that the stockwork mineralisation 
represented channels along which the metal-bearing hydrothermal solu-
tions moved upwards in the volcanic pile towards distinct discharge out-
lets on the sea-floor, having temperatures) 400°C on entrance into the 
now prehnite-pumpellyite facies grade metamorphosed volcanic rocks. 
Considering the transitional relationship of the massive ore mineral-
isation with the underlying stockwork mineralisation (Chapter two), it 
is reasonable to assume that the massive ore mineralisation and the over-
lying Fe-Mn-oxide-rich and sometimes sulphide-rich sedimentary cherty 
levels are direct products of the hydrothermal activity that took place 
near or at the sea-floor. Such a perspective will be kept in mind when 
discussing and evaluating the ore mineralisation in the following pages. 
In this chapter, textural, mineralogical and chemical features of 
the ore minerals and the mineralisation in general will be examined in 
both areas studied, with special emphasis on the Polusagi area. The 
general characteri~tic~ of the 5 exposed massive sulphide outoropsin the 
Polusagi area (Chapter two) are similar, and will altogether be referred 
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to as the "massive sulphide" mineralisation. 
All the ore mineral samples were collected from the surface outcrops 
with the exception of some samples taken from short adits in the massive 
ore occurrences in Locality 1, and small excavations in Localities 2 and 
J of the Polusagi area. About 100 polished ore samples and 50 polished 
thin or ordinary thin sections from both areas have been examined and a 
number of microprobe analyses of ore minerals have been made. The analy-
ses, analytical conditions and procedures are presented in Appendix IV.J. 
7.2 Ore mineralisation in Polusagi 
7.2.1. Sulphide mineralisation 
7.2.1.1. Introduction 
As was discussed in Chapter two, sulphide mineralisation in general 
takes three distinct forms: 
a) Fracture filling, normally pyritic, stockwork mineralisation 
where a certain amount of sulphide mineralisation has replaced the surr-
ounding rocks. 
b) Compact, poly-mineralic, massive sulphide mineralisation which 
shows mineralogical banding and is generally associated with the Fe-Mn 
rich cherts. The massive sulphides are normally underlain by the stock-
work mineralisation. 
c) Disseminated or semi-massive sulphide mineralisation occurring 
at the top of some stockwork mineralisation or as broadly stratified 
disseminated pyritic horizons nat obviously underlain by a stockwork type 
mineralisation. The sulphide horizons may sometime$ show mineralogical 
banding. 
Type o) mineralisation is taken to be a transitional stage between the 
'stockwork' and 'massive~ type ore mineralisation9 therefore in the 
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following pages this type will be treated as such and discussion will con-
centrate on stockwork mineralisation 'grading' into massive ore mineral-
isation. 
The major constituents of the ore mineralisation in Polusagi are 
pyrite, chalcopyrite and sphalerite. Pyrite is ubiquitous, while the 
presence and the relative proportions of chalcopyrite and sphalerite 
depend on the type of mineralisation. The minor ore mineral phases include 
galena, fahlore and bornite. Trace amounts of magnetite and hematite and 
small amounts of supergene minerals, idaite and covellite occur within the 
sulphide mineralisation. Malachite, cuprite, native copper and some hem-
atite have been identified within the country rocks. 
General mineralogical and textural features of the sulphide mineral-
isation are now presented and their genetic implications are discussed. 
7.2.1.2 Zonation 
Mineralogical and textural zonation exists vertically from the 
stockwork type grading into the massive type mineralisation. In the 
stockwork mineralisation the dominant ore mineral is pyrite which is 
typically coarse, up to J mm in diameter, generally euhedral to subhedral 
and relatively free of inclusions. Characteristically t3e mineralisation 
is fracture filling disseminated pyrite in a siliceous matrix. As this 
type of mineralisation develops upward into the massive poly-metallic 
sulphide mineralisation, pyrite in general changes to a finer grained 
porous, subhedral to anhedral forms. Although in the massive ore pyrite 
may be coarse and euhedral, this is not typical. 
With the transition of stockwork mineralisation upward into the 
massive sulphide mineralisation, the ore mineral content changes through 
first an increase in the amount of chalcopyrite associated with pyrite, 
followed by the appearance and increase in the amount of sphalerite, 
coupled with a decrease in thegangue mineral content i.e. increasing 
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sulphide/gangue ratio. The massive ore overlying the stockwork mineral-
isation is dominated by pyrite (with a lot of inclusions) 9 chalcopyrite 
and sphalerite whose relative proportions vary as a result of strong min-
eralogical banding. The massive ore body 9 especially towards the upper-
most levels i.e. away from stockwork mineralisation9 is associated with 
reddish or brownish, Fe- anQ/or Mn-oxide rich cherty sedimentary hori-
zons which also form a blanket over the massive sulphides. The massive 
sulphides are not only richer in chalcopyrite and sphalerite than the dis-
seminated stockwork mineralisation, but also contain minor amounts of 
galena, fahlore and bornite which are not present in the stockwork min-
eralisation. Finally, two iron oxides, magnetite occurring in sphalerite 
as minute inclusions and hematite, are found in trace amounts associated 
with massive sulphides and increasingly towards the top but especially 
near the reddish cherty sedimentary bands in the massive ore. The over-
lying cherty horizon may contain thin sulphide bands. In summary, the 
following vertical upward zonation, from top to bottom, can be generalised 
1) Cherty or muddy sediments, rich in hematite and Mn-oxides, 
containing thin sulphide bands. 
2) Massive ore (consisting of pyrite, chalcopyrite, sphalerite 
and minor galena, fahlore and bornite) + traces of magnetite 
and hematite + minor Fe-Mn rich cherty sedimentary frag-
ments or thin bands. 
3) Massive ore + lesser magnetite and hematite traces. 
4) Pyrite + chalcopyrite + minor sphalerite. 
5) Pyrite+ minor chalcopyrite + traces of sphalerite. 
6) Pyrite. 
The zonation of ore minerals is accompanied by a zonation in the gangue 
minerals. In the typically pyritic stockwork mineralisation, the gangue is 
mainly fine grained quartz forming the matrix. Fine anhedral quartz grains 
are typically JO-~ microns across. However 9 coarser quartz 
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grains around 0.5 mm in diameter occur especially associated with the 
later developed thin veins. In the silicified matrix 9 the disseminated 
pyrite mineralisation is associated with brownish or bluish chlorites and 
sometimes with epidote. The gangue minerals in the massive ore are dom-
inantly quartz 9 calcite and barite with some bluish or brownish chlorite 
and lesser epidote. Much of the quartz is fine and recrystallised around 
sub-hedral pyrite grains. Barite may be coarse 9 in som~ cases forming 
pools up to a few centimeters in diameter 9 and contains a lot of fine 
opaque inclusions. Fragments or bands of cherty sedimentary material in 
the massive sulphide are not uncommon. Thus 9 the zonation of gangue min-
erals from stockwork to massive type mineralisation involves mainly the 
confinement of calcite and barite rich gangue to the massive ore. 
7.2.1.3 Factors controlling the zonation 
Such a zonation of the ore and gangue minerals strongly suggests 
that solubilities of chalcopyrite9 sphalerite and barite species decreased 
with the upward movement of the hydrothermal solutions 9 and the saturation 
for Cu was reached before those of Zn and barite. It also suggests that 
at the higher levels 9 where massive ore deposition was taking place 9 
solutions moved from an essentially reducing environmen~ to an essentially 
oxidising environment where hematite deposition took place in the cherty 
sediments. Therefore it is reasonable to assume that the vertical zona-
tion of .the ore and gangue minerals is essentially due to a reduction in 
the solubilities where different mineral species reached saturation at 
different stages, and that an increase in the oxygen fugacity played an 
important role in the zonal precipitation. 
Amongst many factors, variations in a) temperature9 b) pH and oxygen 
fugacity and c) concentration of the mineral species are the most import-
ant factors controlling the ionic solubilities in hydrothermal solutions. 
These factors will now be considered. 
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a) The effects of temperature on solubility are complicated 1 but in 
most cases a decline in temperature will cause a reduction in the solu-
bility products of the ore minerals and lead to precipitation of ore min-
erals (Skinner 9 1979). It is thought that the heat loss from the hot met-
alliferous solutions to the surrounding rocks would be minimal as the flow 
during discharge to the sea-floor must be rapid. But due to the reduction 
in pressure as the solutions travel upwards i.e. from lithostatic to 
hydrostatic pressures, adiabatic expansion could take place and this 
would lead to a decrease in temperature (Skinner, 1979; Bischoff, 1980). 
However the most dramatic decrease in the temperature of the solutions 
must take place during mixing with the cold sea-water near or on the sea-
floor. It is generally accepted that Cu-sulphides are less soluble than 
the Zn and Pb sulphides (Finlow-Bates and Large, 1978; Solomon et al,l980J. 
According to Holland and Malinin (1979) barite can precipitate during the 
simple cooling of most hydrothermal solutions. Its solubility in water at 
500 bars increases from cooling at temperatures )J00°C to about 100°C, then 
starts decreasing. In the presence of NaCl the maximwn shifts towards 
higher temperature, and at any given temperature and NaC~ concentration, 
the solubility increases with increasing pressure. 
Therefore the vertical zonation involving the early appearance of 
chalcopyrite precipitation with respect to sphalerite in the stockwork 
zone and the confinement of barite to the massive ore can be attributed to 
the gradual decrease in the temperature of the hydrothermal solutions 
during adiabatic expansion in the stockwork zone for the former, and to 
mixing with cold sea-water near or on the sea-floor for the latter. On 
the sea-floor, abrupt decrease in temperature of the solutions during 
mixing with the cold sea-water would increase the supersaturation of the 
sulphide minerals by several orders of magnitude leading to the massive 
sulphide deposition on site, as well a.s to barite formation probably around 
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The presence of calcite as a gangue mineral associated with the 
massive rather than the stockwork mineralisation cannot be explained by 
precipitation due to decreasing temperature of the solutions 9 since 
calcite is more soluble at lower temperatures (Holland and Malinin, 1979; 
Coish,l977). However, calcite precipitation could take place from the 
dissolved calcite constituent of the cold sea-water during temperature 
rise upon mixing with the hot hydrothermal solutions. This again implies 
that massive ore mineralisation must have occurred near or on the sea-
floor. 
The solubility of silica below 750 bars goes through a maximum and 
the temperature at which quartz has its maximum solubility decreases with 
decreasing pressure (Holland and Malinin, 1979; Bischoff, 1980). For 
instance, the maximum solubility at 200 hars is at a temperature around 
JJ0°C (Holland and Malinin, 1979, Fig.9.6). Therefore much of the dis-
0 
solved silica in the hydrothermal solutions, having temperatures )~ C 
to start with, would be retained until abrupt temperature decreases during 
mixing with the sea-water take place. This is further supported by the 
slow rate of cooling until mixing starts and low pressures around the 
mere hydrostatic pressure of the water-column. Provided that the hydro-
thermal solutions had relatively high exit temperatures on reaching the 
sea-floor, the solubility behaviour of silica would explain the presence 
of the silica rich sediments overlying the massive ore. 
b) The hydrothermal solutions formed by the sea-water-basalt inter-
action at elevated temperatures would be slightly acid (Bischoff and Dick-
son, 1975; Bischoff and Seyfried, 1978). In the East Pacific Rise 9 for 
instance, the hydrothermal solutions, jetting out at temperatures around 
350°C, have an in situ pH of 4.7 (Edmond, 1981). If it is assumed that the 
solutions which gave rise to the mineralisation at Polusagi had similar pH 
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values and that they had lower oxygen fugacity than the relatively more 
oxygenated sea-water (Chapter six,section 6.12.2), then it follows that upon 
mixing with the neutral and oxygenated sea-water the pH as well as the oxy-
gen fugacity of the hydrothermal solutions would rise towards values equal 
to those of the sea-water. According to Large (1977), a reduced and slight-
ly acid metalliferous brine could precipitate chalcopyrite, sphale:ri te 
and galena due to increasing pH around the sea-water-rock interface, where 
changes in oxygen fugacity will also affect the chalcopyrite solubility. 
Similarly,on the sea-floor itself, changes in pH of the environment of 
deposition will affect the Cu-solubility. Large (1977) also states that 
in a reduced environment, the cherty or muddy sediments will be pyrite-rich 
whereas in an oxidised environment they will be hematite-rich. Thus dil-
ution of the hydrothermal solutions by the sea-water, apart from lowering 
the temperature, would increase the pH and oxygen fugacity which affect 
the precipitation of sulphides. Further mixing or dilution could result 
in the formation of the silica and Fe-Mn-rich sediments if the solutions 
contained more iron than could be fixed as iron-sulphides or iron-copper 
sulphides. 
c) According to Taylor (1963), referred to in Large (1977), the 
relative abundances of ore metals in the hydrothermal solutions are a 
major factor in determining the order of sulphide mineral deposition. 
Therefore, provided that the solubilities under specific conditions are 
not too dissimilar, metals with the highest abundances in the solutions 
can be expected to precipitate earlier than those with lesser abundances. 
Such a process could have played a part in the vertical zonation of the 
ore minerals in the Polusagi area where solutions must have contained 
relatively high Ee, Cu, Zn and low Pb abundances. 
7.2.1.4 Banding in the massive sulphide mineralisation 
7.2.1.4.1. Introduction 
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Mineralogical and to some extent textural banding in some parts of 
the massive ore mineralisation is common and characteristic. Gross min-
eralogical banding, conspicuous in the hand specimen scale 9 was described 
in Chapter two 9 and it was pointed out that the bands could be classified 
into crudely 4 monomineralic categories : pyrite-rich 1 ch~lcopyrite-rich 9 
sphalerite-rich and siliceous-hematitic bands. These bands which db not 
follow any regular sequences will now be examined microscopically. 
7.2.1.4.2 Pyrite-rich bands 
Although pyrite is the dominant ore mineral in these bands, it is 
always accompanied by chalcopyrite, sphalerite and gangue minerals in 
varying proportions, forming the matrix in between pyrite crystal~ or 
occurring as inclusions in them. The distribution of these matrix min-
erals is not random and they form broad or well defined, in many cases 
continuous, chalcopyrite-or sphalerite-or gangue-rich micro-bands. The 
thickness of such one mineral dominated miniature stratification within 
the broadly pyrite-rich bands can vary from a few tens of microns to 
hundreds of microns. 
There are also fine horizons within these bands where similar forms 
of pyrite,- i.e. framboidal or porous or well crystalline pyrite, see 
next section - or roughly equal-sized coarser pyrite grains are aligned 
parallel or sub-parallel to the general banding forming microscopic 
bands(plates 7.1, 7.5, and 7.6). 
7.2.1.4.3 Chalcopyrite-rich bands 
In these bands the dominant chalcopyrite is accompanied by pyrite, 
sphalerite and gangue minerals, each forming its own distinct micro-
stratification within the bands parallel or sub-parallel to the general 
banding. Some very fine anhedral or subhedral pyrite grains form 'strings' 
within the chalcopyrite matrix, Plates. 7.2, 7.3 and 7.5. 
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Plate 7.1 : Fe-Mn rich sedimentary band (dark) and framboidal 
pyrite band boundary. Denser yellow is chalcopyrite and grey is 
sphalerite. Note the chalcopyrite inclusions in the porous 
pyrite (lower right hand corner). sample: P212, X225. 
Plate 7.2 : Microbands of chalcopyrite (+pyrite) and gangue in 
spha l erite rich matrix. sample~P72D , X70. 
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7.2.1.4.4. SphaLerite-rich bands 
In a similar manner to the pyrite and chalcopyritearich bands, the 
sphalerite·-·rich b::mds accommodate fine micro .. ·band=" dominated by chalcopy-
rite or pyrite or gangue minerals (Plates 7.2.,7.3. and 7,6). Fine pyrite 
grains may be aligned to form •strings' within the sphalerite matrix in the 
same way as is seen in chalcopyrite in Plate 7.5. In some samples, the 
sphalerite rich bands are full of tiny irregular chalcopyrite grains 
whose general alignment is parallel to the coarse mineralogical banding 
(Plate 7.4). Such fine chalcopyrite grains in sphalerite are probably due 
to unmixing and they are sometimes oriented to show regular 3 directional 
exsolution textures (Plate 7.23). 
7.2.l.lto5. Siliceous-hematitic bands 
These bands may be present within the upper levels of massive sul-
phide mineralisation as micro-bands or as coarse bands. They can, in 
turn, contain somewhat isolated and elongated sulphide-rich areas con-
formable with the general banding. However the nost ob,rious alignment is 
that of extremely fine-grained hematite microcrystals into crudely hematite-
rich and hematite-poor micro-bands (Plate 7.28.). 
The transition from one essentially monomineralic coarse band to the 
other is generally very sharp, within a distance of a few or a few tens of 
microns (Plates 7.1 and 7.3) or relatively 'gradual', within a distance of 
a few hundreds of microns. However in some micro-bands the transition may 
be over a distance comparable with the thickness of the microbands. 
The minor ore minerals, galena, fahlore and bornite are nostly an-
hedral small grains occurring within the matrix minerals or in the pyrite 
grains as inclusions. They are not present in all massive sulphide sam-
ples, but when present, they tend to occur together, probably along very 
broad horizons. t~wever, galena may be present in some of the stratified, 
but not quite massive, sulphide horizons in large enough quantities as to 
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Plate 7.3 : Sharp boundary between the coarse sphalerite 
(+chalcopyrite) rich band and chalcopyrite ( +pyrite) rich band. 
Black is gangue. Sample: P211A, XlOO. 
Plate 7.4: Aligned chalcopyrite exsolution in sphalerite rich 
matrix. Black is gangue. Sample: P72D , X70. 
... 
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Plate 7.5:"Strings 11 of fine grained pyrite in chalcopyrite 
matrix. Sample: Pl56A, XlOO . 
Plate 7.6: Alternating, fine pyrite and sphalerite (grey) rich 
micro- stratifications. Sample: P210B, X70. 
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Plate 7.7 : Warping of fine grained delicate pyrite and gangue 
rich bands in chalcopyrite matrix (deeper yellow) by large and 
competent pyrite grains. Sample: P211A, XlOO. 
Plate 7.8: Warping of fine grained pyJrite and gangue rich micro-
bands in sphalerite matrix by a large fragment of gangue material 
(oav-\c.). Sample: P211BC, X70. 
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define bands alongside with pyrite, chalcopyrite and sphalerite at the 
higher levels of the stockwork mineralisation where the typical massive 
ore does not occur. 
Similar to the disturbances in the regular 9 coarse mineralogical band-
ing described in Chapter two, irregularities and distortions in the other-
wise typical microscopic bands exist in the massive sulphides. These 
microscopic distortions generally manifest themselves as warping in the 
microbands brought about by larger, not in situ occurrences of either much 
coarser pyrite grains or larger fragments of gangue minerals, as demon-
strated by Plates 7.7 and 7.8. In such instances the same side of the dis-
turbed micro-bands may consistently be warped by similarly large and iso-
lated grains. On the other hand, some short distances (e.g. 500 microns) 
away from the distorted micro-band traces of warping disappear. This 
suggests that some irregularities in the mineralogical banding may have 
been due to 'rains' of mechanically transported but already compact frag-
ments into the unconsolidated newly formed massive sulphide bodies. Such 
an environment for the precipitation of the banded massive ore is most 
likely to be an open space aqueous environment such as the sea-floor it-
self. This conclusion is also strongly supported by the nature of the 
banding in the massive ore described above. 
7.2.1.5. Factors leading to banding in the massive sulphide ore 
The mineralogical banding in the sulphides is very unlikely to be 
b1uught about by precipitation from contemporaneous and essentially mono-
metallic hydrothermal solutions. Therefore a mechanism which would lead 
to repeated differential precipitation of pyrite, chalcopyrite and sphal-
erite from a poly-metallic hydrothermal solution on to the sea floor must 
be con::;idercd. 
It was pointed out earlier in this chapter that factors which have 
important bearings on the solubility and precipitation of the ore and 
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gangue minerals are basically the changes in temperature, pH, oxygen fuga-
city and the ionic concentrations at the site of deposition. Therefore 
fluctuating changes, which were probably of local extent, should be capable 
of producing the banding seen in the massive sulphides~ in any or a certain 
combination of these changing factors. Changes in pH could result with 
differential precipitation of sulphides (Lambert and Bubela, 1970) and 9 
for example, changes in the pH of an oxidised, acid to alkaline brine on 
the sea floor will only affect the Cu-solubility and not Zn or Pb-solubil-
i ty at high ( ) 2{'0°C) to low temperatures (Large, 1977). 
Since the banded massive sulphide samples may have numerous coarse or 
micro-bands even in one hand specimen, it is unlikely that the possible 
fluctuations in the metal contents of the initially hot and reduced sol-
utions could have played a major role in the differential precipitation 
of the banded ore. It follows that fluctuations in the temperature, pH 
and oxygen fugacity of the solutions must have been the major factors 
behind the mechanism leading to the banded ore formation on the sea-floor. 
However,the relative roles of these factors could not be assessed here. 
Such proposed fluctuations in temperature, pH and oxygen fugacity 
may be the consequences of non-homogenous mixing of the solutions with 
the sea-water; of bottom currents or some weak turbulances which are ind-
icated by the distortions in some coarse and micro-bands as discussed 
above. 
Stanton (1960) considers that some crude banding in metamorphosed 
sulphide deposits may have originated by metamorphic differentiation. 
Although 9 as will be discussed in the next section, the Polusagi massive 
ores are metamorphosed and metamorphism was of low grade, many clearly 
non-metamorphic bands , such as of framboidal pyrite , would preclude a 
metamorphic origin for the banding. 
Lambert and Bubela (1970) on the basis of their experiments consider 
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that ionic migration processes can cause the formation of very thin (up to 
50 microns thick) sulphide bands within homogenous layers of unconsolidated 
sediments or slowly settling suspensions. It is possible that some of 
the very thin micro-bands in the massive ore may have been produced this 
way, but on the whole9 such a mechanism is unable to produce the thicker 
bands in the massive sulphide ore. This is also emphasised by Lambert and 
Bubela (1970) : 11It is questionable whether the ionic migration process 
can produce thicker sulphide bands •••• 11 • 
7.2.1.6 Sulphide mineral textures 
7.2.1.6.1 Pyrite forms 
The grain size, form and crystallinity of pyrite is extremely variable 
and on this basis 4 types of pyrite can be recognised : euhedral pyrite, 
crystalline pyrite, porous pyrite and framboidal pyrite. 
Euhedral pyrite ~xhibits well-crystalline, cubic forms and typi-
cally occurs as coarse grains, up to Jmm across but mostly from 0.5 to 
l mm, in the stockwork mineralisation and chalcopyrite, sphalerite poor 
stratified pyritic horizons. In the massive sulphides, the euhedral pyrite 
is not typical but where it is found,it is not as coarse and generally 
around 0.5 mm in diameter. 
Crystalline pyrite exhibits subhedral and anhedral and sometimes 
euhedral forms. Nevertheless it is well crystalline and is common in the 
upper levels of the stockwork mineralisation and massive sulphides. The 
typical grain size is 0.1-0.5 mm in diameter (Plates 7.1l,7.12,7.17 and 
7.18). 
Porous pyrite is extremely fine grained and occurs in aggregates which 
are full of tiny inclusions of gangue material giving it a porous, dusty 
or cloudy appearance. Characteristically, each pyrite grain is in the 
order of few microns or few tens of microns, the spotty gangue material 
being in the same order of size. This type of pyrite is normally associated 
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Plate 7.9 : Large aggregates of porous pyrite 
composed of fine pyrite crystals and gangue 
material; Sanple: Pl36E, X70. 
Plate 7.11 : Crystalline euhedral pyrite in 
a gangue rich matrix containing numerous 
chalcopyrite inclusions. &-unple: P208B, 
X225, 
Plate 7.10 : Fine porous pyrite, chalcopyrite 
and gangue (upper vi~htcorner) grading into 
coarser pyrite in a dominantly chalcopyrite 
matrix (lower \ef~ corner). Sample: Pl36D, 
X225. 
Plate 7 -.12 : Euhedral pyrite with chalcopy-
rite, sphalerite and gangue inclusions along 
growth zones. Note also the smaller porous 
pyrite aggregates with mostly gangue 'dust' 
Sample: P208B, X225. 
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Plate 7.13 : Framboidal pyrite (note the fine silicate inclusions) 
starting to recrystallise with chalcopyrite (denser yellow) filling 
the interstices. Dark grey is sphalerite and black is gangue. 
Notice the various inclusions in porous pyrite at the lower right 
and upper left corners. Sample: P212, X225. 
Plate 7.14 : 'Rosettes' or 'spheroids' of pyrite with hematite 
(greenish- grey), galena (creamy-grey) and chalcopyrite (denser 
yellow) cores. Black is gangue. Sample: P212, XlOOO, under oil. 
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Plate 7.15 : Porous and colloform fine grained pyrite in 
chalcopyrite (denser yellow) and gangue (black) rich matrix, 
showing concentric and radial growth surfaces. Hematite (light 
grey) and chalcopyrite may form the cores of such pyrite. Sample: 
P212, X225. 
Plate 7.16 : Porous and colloform pyrite in sphalerite (grey) and 
chalcopyrite (denser yellow) rich matrix. Pyrite is selectively 
replaced along growth surfaces by chalcopyrite. Sample: P212, 
X225. 
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with the massive ores and may show colloform growths within the fine grained 
aggregates (Plates 7.9 9 7.10 and 7.16). 
Framboidal pyrite, forming'raspberry' looking spheroidal shapes 9 occurs 
normally in the massive sulphides especially near the muddy, siliceous 
gangue rich bands or near the overlying hematitic cherty horizons. Fram-
boids are generally 40-60 microns across but some may be as coarse as 
100 microns in diameter (Plates 7.1 and 7.1)). Each spherical or sub-
spherical framboid consists of very fine microcrystals of pyrite, size 
being in the range of a few microns or a few tens of microns, surrounded 
by dusty, equally fine gangue material. Apparently pyrite framboids of 
this size and nature are a common form of framboidal pyrite (Rickard,l970). 
The pyrite microcrystals are not organised into any recognisable patterns 
and therefore would be classed as low-ordered framboids according to 
Skripchenko and Barberyan (1975) who also state that the cement for the 
pyrite micro-crystals could be gel-pyrite and carbonised organic matter. 
Some framboids have hematite, chalcopyrite or galena rich cores, probably 
representing nuclei around which the pyritic spherules have formed and 
some framboids show a concentric structure due to alignment of the fine 
non-sulphide material (Plate 7.14). 
The framboidal pyrite is always associated with the porous sulphide 
and in many cases the two grade into one another. The distribution of the 
fine dusty material in the porous pyrite aggregates may show concentric 
forms suggesting an intimate association with pyrite framboids or radjal 
and calloform structures (Plate 7.15). In some cases,the concentric 
bands in the framboidal and porous pyrite as well as the calloform and 
radial traces may be filled with chalcopyrite, and to a lesser extent 
sphalerite. 
The origin of calloform textures is extensively discussed in the 
literature (e.g. Rickard, 1970; Kribek, 1975) with the general acceptance 
that they are produced by open space precipitation. This is in agreement 
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with their dominant occurrence in the massive sulphides formed on the sea-
floor. The framboidal pyrite are characteristic of many modern sediments, 
and are commonly :found in the sedimentary or meta-sedimentary rocks 
(Rickard9 1970; Ostwald and England9 1979)Pbut not restricted to sedi-
mentary rocks as some may occur in magmatic rocks (Rickard9 19?0; Farrand9 
1970). The origin of framboidal pyrite is disputable. It has been inter-
preted as mineralised or pyritised micro-fossils of sulphate reducing 
bacteria9 supported by the organic remains within the framboids (see 
Ramdohr, 1980;and Farrand,l970). But this mechanism can not explain the 
occurrence of framboids in the magmatic rocks. A more widely accepted 
view is that framboidal pyrite is colloidal in origin and precipitated 
from an iron and sulphur rich gel or suspension, biogenically or abio-
genically (Rickard, 1970; Skripchenko and Barberyan, 1975; Ostwald and 
England, 1977,79). Indeed framboidal pyrite has now been produced ex-
perimentally (Farrand, 1970; Kribek,l975). Kribek (1975), discussing 
the origin o:f framboidal pyrite concludes that it is formed "by sulphid-
ation of metastable spherical grains of sulphur arisen either in an organic 
way by oxidation of H2S or in a metabolic way by the action of micro-
organisms". The form and gradational natllll:! of" some extremely fine grained 
pyrite aggregates" and pyrite framboids described by Chen (1978) seem to 
be similar to the porous and framboidal pyrite types and their gradational 
forms in the Polusagi area. Such features are considered to be due to 
chemical precipitation by Chen (op.cit.). Thus, it is more than likely 
that the porous pyrite and the framboids associated with it represent 
chemical precipitates from solutions in an unrestricted environment with 
or without the involvement of sulphur reducing bacteria. Furthermore, 
they indicate a low temperature environment (Rickard,l970; Ostwald and 
England, 1979), since rapid crystal growth and recrystallisation would 
destroy the primary framboidal or colloform growth. Therefore, it is 
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plausable to assume that the framboidal and porous pyrite types are the 
primary forms of pyrite precipitated from solutions upon mixing with the 
sea-water. 
Not only the framboidal and porous pyrite types grade into one another 11 
but also there is a complete gradation of these pyrite types into the 
generally coarser crystalline pyrite and euhedral pyrite types. While 
the former gradation does not involve any coarsening of grain size, the 
latter does. This is demonstrated in Plates 7.9, 7.10, 7.11, and 7.12. 
Such a gradation of fine grained pyrite into coarser grained crystalline 
pyrite is very common and was observed in almost every massive sulphide 
sample studied. In some crystalline pyrite grains, the remains of fram-
boidal pyrite is still preserved (Plate 7 .12). Very similar gradational 
textural relationships between fine primary forms of pyrite and euhedral 
pyrite have been observed by Love and Amstutz (1966), Wheatley (1978), 
Chen (1978) and Ostwald and England (1979). The study of the last men-
tioned authors indicates that "whole framboids pass through a more com-
pact intermediate form to form euhedral pyri te11 • The coarsening of grain 
size is considered to be due to partial recrystallisation. It is widely 
accepted that under conditions of increasing metamorphism, sulphide rich 
assemblages tend to recrystallise, becoming progressively coarser grained 
(Vokes, 1968, 69; McDonald, 1967; Suffel et al, 1971; Shadlun, 1971; 
Lawrence, 1972; Krivtsov, 197~). The fact that the reorganisation of the 
fine grained pyrite into the coarser crystalline pyrite is not complete, 
and the primary depositional textures e.g. banding, framboidal or colla-
form structures are preserved, suggest that the metamorphism was of low 
grade and recrystallisation was a partial one (McDonald,l967; Vokes,l%9; 
Shadl un, 1971) • 
7.2.1.6.2. Inclusions in pyrite crystals or aggregates 
Probably the most distinct feature of pyrite, common to all types, 
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is the numerous inclusions within single grains or aggregates. However, 
the inclusions show variations in size, form, distribution and mineral 
content from the fine grained primitive types to coarser recrystallised 
euhedral and subhedral types. 
In the porous and framboidal pyrite types, the inclusions are very 
fine grained giving them a spotty or dusty appearance. The size of the 
inclusions is typically similar to the individual pyrite microcrystals or 
smaller. Many are of sub-micron sizes. The distribution of the inclus-
ions is generally random but crudely homogenous. However, some inclusions 
may form circular, concentric, radial or colloform banding patterns. The 
inclusions appear mostly to be gangue or transparent minerals. 
In the crystalline pyrite and its gradational forms to the porous and 
framboidal types the inclusions are larger and may be up to several 100's 
of microns in diameter in the very coarse 1 crystalline pyrite grains. The 
size of the inclusions is dependent on the degree of crystallinity, inc-
reasing with the increase in the size of the host pyrite grain. The 
shapes of the inclusions are in general round, sub-round or lobate. 
The mineral content of the inclusions is variable even in a single py-
rite grain. The infilling phases can be chalcopyrite, sphalerite, bornite, 
galena, fahlore, gangue minerals and even hematite in some cases. Some 
single inclusions may have a combination of mineral phases i.e. bornite + 
chalcopyrite, galena+chalcopyrite, sphalerite+bornite etc. In the latter 
cases the ratios of the minerals in the inclusions is very variable. How-
ever one well-maintained general rule is that the content of the inclus-
ions is the same as that of the matrix, i.e. pyrite "porphyryblasts" con-
tain a lot of chalcopyrite inclusions in a chalcopyrite-rich band or 
sphalerite inclusions in a sphalerite-rich band etc ••• As to the distri-
bution of the inclusions, it is very variable and the following are the 
common forms : 
a) The inclusions are concentrated around the centre of the 
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grains 9 and the margins are relatively clear and homogenous or vice versa 
e.g. Plates 7.11 and 7.12. 
b) The inclusions are gathered in certain parts of the grains 9 
other parts being relatively free of inclusions e.g. Plate 7.19. 
c) Some fine inclusions in euhedral pyrite grains 9 mostly of 
gangue minerals, follow cubic gro~th zones demonstrating the internal 
zonation which is sometimes revealed by slight variations in reflect-
ance as well e.g. Plate 1.18. 
d) In the compact aggregates, the inclusions follow the individual 
grain boundaries (Plate 7.12). This may be so in some apparently large 
single crystals. As pointed out in section 7.~.2.1, the pyrite is slightly 
anistropic, which helps to distinguish single crystal outlines along 
which fine grained inclusions form •strings' or 'chains'. 
e) In rare cases, the inclusions in crystalline pyrite may simply 
be the remains of framboidal pyrite 9 Plate 7.20. 
The above described features suggest that they are manifestations of 
different degrees of partial recrystallisation of a variable sulphide 
assemblage undergoing low-grade metamorphism. During recrystallisation, 
not only would the sulphide grain size increase, but also the original 
mineral inclusions would be segregated into larger pools or expelled as a 
result of partial "self-purification" (Anger, 1971; Shadlun, 1971) lead-
ing to relatively clear portions 'in the grains. This would be accompanied 
by further inclusion of the matrix minerals during the coarsening of py-
rite 11 porphyryblasts 11 (Vokes 9 1969). These inclusions would tend to assume 
rounded shapes 9 the state of lowest surface -free energy (Stanton, 1972). 
The internal textures in the coarse and euhedral pyrites, such as 
growth zonation revealed by very fine grained traces of inclusions, cannot 
be explained by metamorphism or partial recrystallisation since such pro-
cesses would tend to obliterate the internal fabrics especially if meta-
morphism or deformation is of high grade (McDonald9 1967; Vokes 9 1969; 
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Plate 7.17 : A general view of massive sulphides at Polusagi. Euhedral 
to subhedral pyrite grains contain numerous inclusions of chalcopyrite 
(denser yellow) and sphalerite (grey) which also occur in the matrix 
together with some gangue minerals (black). Sample: P72, Xl20. 
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Plate 7.18 : Fractured euhedral pyrite grains 
(whiti sh) with inclusions along cubic growth 
zon~s, eJ?bedded in chalcopyrite (grey) which 
fill s the cra cks without apparent replace-
ment. Sample: P211BA, X225. 
Plate 7.20 : Etched eL.Ihedral pyrite with 
framboidal pyrite remains, now black due to 
etching. Sample: Pl13A, X225. 
Plate 7.19 : Large euhedral pyrite with sph-
alerite, chalcopyrite and gangue inclusions 
concentrated along grain boundarie s of py-
rite. Grey is chalcopyrite and dark grey is 
gangue. Sample: Pl36A, X225. 
Plate 7.21 : Porous pyrite trans forming into 
better crystalline coarser pyrite within the 
" soft" chalcopyrite matrix. Sample: P20S, 
X225. 
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Shadlun9 1971). Therefore the presence of such internal fabrics not only 
shows that metamorphism of the sulphides was of low grade9 but also that 
some of these coarse pyrite grains may be primary or of diagenetic origin. 
Then 9 the oriented fine inclusions may represent periods of decreased 
crystal growth or interruptions during the crystal growth (Ramdohr, 1980). 
The coarse grained generally euhedral pyrite associated with the 
stockwork mineralisation is relatively free of larger inclusions. The 
inclusions are very small and generally of gangue mater~al. They may 
concentrate along cubic growth zones. Some chalcopyrite and sphalerite 
may occur in the euhedral pyrite as inclusions despite the lack of chal-
copyrite and sphalerite in the siliceous matrix. These suggest that the 
coarse euhedral pyrite in the stockwork was largely precipitated from sol-
utions9 rather than being a product of coarsening during metamorphism, 
which enclosed fine grained gangue minerals 9 chalcopyrite and sphalerite 
as inclusions along growth surfaces. 
7.2.1.6.3 Interrelations of pyrite, chalcopyrite and sphalerite 
In many cases the large pyrite grains are fractured and cracked and 
may even tend to form cataclastic textures. These cannot be due to some 
fault brecciation since such shattering of the coarse pyrite does not seem to 
be affecting the delicate bands in the massive ores. Therefore they are 
likely to be due to load pressure and stress or to shrinkage. Some 
radial cracks in the zoned pyrite grains show textures similar to those 
described by Anger (1971, Fig.l6,18, and 29) as shrinkage cracks. The 
cracks are filled with chalcopyrite, sphalerite and less commonly by 
gangue minerals, depending on the nature of the phases forming the mat-
rix. However the relationship of these pyrite "fragments" now completely 
surrounded by sphalerite or chalcopyrite, or the relationship of these 
crack filling sulphides to pyrite, do not exhibit any convincing evidence 
of replacement. 
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The chalcopyrite- or sphalerite-rich bands in the massive ore are 
generally associated with the crystalline pyrite rather than porous 
pyrite. Where 9 for example 0 a chalcopyrite rich band occurs next to a 
po-rous pyrite-rich band there is a tendency.for the pyrite grains to be 
coarsening towards the chalcopyrite-rich band where the pyrite grains 
may already be termed as "crystalline". See Plate 7.22. These relations 
suggest that chalcopyrite and sphalerite were largely mobilised during 
metamorphism and perhaps acted as heat-conductors for the fine pyrite 
grains enclosed by them to grow into coarse 9 crystalline pyrite. The 
chalcopyrite and sphalerite do not exhibit any textures that can be 
attributed to primary precipitation apart from some exsolution textures. 
The above features are attributed to be results of low-grade meta-
morphism and deformation. Gill (1969) has shown experimentally that 
plastic flow occurs very quic~y in sulphides such as chalcopyrite and 
galena and to a lesser extent sphalerite 9 at temperatures within the 
range generally assumed for greenschist facies under pressures less than 
1. 7 kbars. Under these conditions pyrite fails by fracture 9 if at all. 
Response to deformation and metamorphism depends on the lewl of form-energy 
which decreases in the order : pyrite 9 sphalerite9 chalcopyrite, galena 
(McDonald,l967; Vokes,l969). Accordingly, obliteration of original 
textures will be completed earlier for the 'softer' sulphides such as 
galena9 chalcopyrite and sphalerite 9 than pyrite (Shadlun, 1971). 
Thus, it is suggested that during the metamorphism at Polusagi 9 under 
the load pressure 9 pyrite failed by fracturing while chalcopyrite and 
sphalerite were mobilised and "flew" into the cracks or around more com-
petant pyrite grains (see Plate 7.21). The survival of the chalcopyrite 
exsolution in sphalerite points to the fact that mobilisation of these 
minerals must have been only of partial or local extent. 
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Plate 7.22: Porous pyrite ( r i 9~~ s ector) 
becoming progressively coarser towards the 
chalcopyrite rich matrix. Chalcopyrite may 
have played a role as heat conductor for the 
re-crystallisation. Sample: P209A, XlOO. 
Plate 7.24 : Hematite (grey), euhedral mag -
netite (brown) and chalcopyrite (yellow) 
inclusions in spha lerite matrix. Sample: 
P212, XlOOO, under oil. 
Plate 7.23 : Oriented chalcopyrite exsolution 
in sphalerite. Sample: P211B, XlOOO, under 
oil. 
Plate 7.25 : Hematite laths (grey) in chal-
copyrite. Lighter yellow is pyrite. Sample: 
P211, X750. 
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7.2.2 Fe-Mn oxide mineralisation 
7c~'•c~·!:l Introduction 
The Fe-Mn rich cherty sediments and their relations with the sul-
phide mineralisation were discussed in Chapter two. Here their micro-
scopic and chemical features will be examined and its origin in rel-
ation to sulphide mineralisation will be discussed. 
The cherty sediments are extremely fine grained mixtures of silica, 
hematite and Mn-oxides in varying proportions. The grain size is generally 
around or less than 1 micron. The silica shows textures where sub-micron 
sized grains form spherical bodies which are no more than 50 microns and 
on average 15 microns in diameter9 or polygonal concentric bodies which 
look like honey-comb in appe:rcmce having sizes similar to those of fram-
boidol pyrite (Plates 7.36 and 7.27). However most silica seems to be in 
amorphous form. Hematite occurs in this siliceous matrix either as sub-
micron dust intimately mixed with silica or as microcrystalline laths, in 
many cases forming fine microbands (Plate 7.28) within the coarse bands, 
described in Chapter two. Such fine hematite dust in the silicous mat-
rix causes a deep-red to pink-reddish internal reflection. These feat-
ures suggest that the Fe-Mn rich cherty sediments are produced by chemical 
precipitation from hydrothermal <Solutions on the sea-floor much the same 
way as the porous and framboidol pyrite, but obviously under different 
sets of physical and chemical conditions. 
It was pointed out in Chapter tm that the cherty horizon contained nure 
sulphides in the vicinity of sulphide mineralisation, and more Mn away 
from it. 4 Fe-Mn rich chert samples which were taken at various dis-
tances from the obvious centres of sulphide mineralisation have been 
analysed by XRF for a number of major and trace elementl::i as presented 1.n 
Appendix I II .2 . 
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Plate 7.26 : 'Honeycomb' textured colloform growth of silica in 
the Fe-Mn rich siliceous sediments. The red colour is due to the 
fine hematite 'dust ' within silica . Sample: P72C, X225, crossed-
polars. 
Plate 7. 27 : Extremely fine grain,ed silica spheroids in the 
siliceous matrix. Red colour is due to internal reflection of 
fine hematite 'dus t' and the greyish - white specks are micro-
crystals oi hema tite. Note the hematite - rich vein at the lower 
right corner. Sample: P235, XlOOO, crossed- polars, under oil. 
-288-
Plate 7.28 : Extremely fine hematite micro-crys tals (greyi s h - white ) 
aligned in bands in the siliceous matrix of Fe- Mn rich sedime nts . 
Red colour is due to int e rnal reflection of hematite 'dus t' within 
the matrix. Sample: P212, XlOOO, crossed-polars, under oil. 
Plate 7.29 : A typica l view of the Canakci massive ~ulphides. 
Anhedral to s ubhedral pyrite grain s are in a matrix composed o f 
bornite (brown), fahlore (grey), s phale rite (dark g r ey), galena 
(creamy-gr e y) and gangue (black). Note the inclusions in pyrite 
which are mostly bornite, chalcopyrite and gan gue . Sampl e: El-6A, 
XlOO. . 
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Table 7.1 shows some of the major and trace element variations a~ a 
function of distances from the apparent centres of sulphide mineralisation. 
Despite the small number of samples analysed 9 they suggest certain and 
probably lateral chemical variations. As one moves away from the mass-
ive sulphide mineralisation i.e. sites at which the hydrothermal solu-
tions entered the sea-floor 9 the following chemical changes occur in the 
Fe-Mn-rich cherts: 
a) Si 9 S 9 Ba 9 Cu and probably Fe concentrations decrease. 
b) Mn9 Ca 9 and Ni concentrations increase. 
In terms of minerals 9 this would mean an increase in Mn-oxide minerals 
and calcite and a decrease in quartz 9 barite and possibly pyrite and 
chalcopyrite away from the hydrothermal vents. Ni is probably affilia-
ted to Mn-oxides and distribution of sphalerite is unclear. 
7.2.2.2. Factors controlling the formation and distribution of minerals 
As was pointed out when discussing the formation of sulphide deposits, 
the metalliferous high temperature 9 acid and reducing solutions, upon 
ascending, would mix with the ambient sea-water. Consequent decrease in 
temperature and increase in the oxidation potential and pH would lead to 
sulphide deposition. Progressive mixing would deposit much silica and 
barite around the vents. At advanced stages of mixing 9 the solutions 
would be so diluted as to contain only a small percentage of the original 
fluid. They would become cool, oxidising and poorer in silica and barite 
and very poor in metals such as Fe, Cu, and Zn which are already precip-
itated as sulphides at the earlier stages of mixing. The composition of 
the highly diluted9 cool and oxidising solutions would depend on the in-
itial composition of the original high temperature solution~. For inst-
ance, if iron was in excess of the amount that could be fixed as sulphi-
des9 some iron would be expected to remain dissolved in the highly dil-
uted solutions to be precipitated as iron-oxides in the now highly 
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TABLE 7.1 
CHEMICAL COMPOSITION OF Fe-Mn RICH CHERTS 
---~-~- __ -c .. ------------
Increasing column number indicates increasing distance from the 
centres of mineralisation. 
wt% 1 2 3 4 
s·o ~ 2 43.47 87.01 28.12 28.98 
Fe2o3 49.63 12.38 30.34 27.92 
MnO 0.01 0.03 22.58 13.39 
i 
CaO 0.40 0.03 14.46 27.23 
s 0.47 0.01 0.02 0.01 
ppm 
Ba 6386 29 238 27 
Zn 199 
- 327 73 
Cu 289 62 11 14 
Ni 
-
- 693 /±29 
-291-
oxidised environment. Toth (1980), studying the deposition of sub-marine 
crusts rich in Mn and Fe, states that chemical stability limits of diss-
olved silica and oxides of Fe and Mn indicate that Si and Fe will precip-
itate before Mn9 in the case of an ascending fluid 9 on the sea-floor i.e. 
an environmsnt of increasing pH and oxygen fugacity and decreasing temp-
erature. Therefore the chemical variation of the Fe-Mn rich cherty 
sediments can be explained by the degree of progressive mixing of the 
hydrothermal solutions with the sea-water. It is plausible to assume that 
further away from the sites of hydrothermal solutions entering the sea-
floor, the progressively diluted solutions would be cooler and more ox-
idising. This would in turn mean precipitation of progressively less 
silica and Fe-oxides and more Mn-oxides. Since, at extreme dilution 
the flow rate is expected to be sluggish, fine chemical precipitates 
stand a chance of accumulation with continuous but localised banding. 
The very high Si,Mn and Fe contents of the final formation indicate that 
the hydrothermal solutions were originally rich in these elements. 
7.3. Sulphide mineralisation in Canakci 
7.3.1 Introduction 
Two types of ore mineralisation, the polymetallic massive mineral-
isation and the disseminated pyrite mineralisation (Chapter two), are 
distinct in terms of ore and gangue mineral contents and textures. Gen-
eral features and the differences of the two types of mineralisation will 
now be discussed and compared with the 'massive' and •stockwork' mineral-
isation occurring in the Polusagi area. 
7.).2 Ore and gangue mineral contents 
7.).2.1 Massive sulphides 
Pyrite is the dominant ore mineral. Second most abundant ore min-
eral is bornite, the abundence of which varies frum one sample to another. 
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Sphalerite 9 fahlore and galena occur in appreciable but variable quantit-
ies(Plate 7.29). Chalcopyrite is a very minor phase, Trace amounts of 
mawsonite 9 hexastannite 9 colusite and native gold have been identified. 
Minor amounts of supergene ore minerals include covellite 9 digenite and 
idaite. The gangue minerals are mostly silica 9 barite and some calcite. 
Fragments of red hematitic-chert 9 as it occurs in Polusagi 9 have been id-
entified in the massive ore, but are rare. 
It is clear that the massive sulphide ore is mineralogically very 
similar to the massive sulphide ore of the Polusagi area. The important 
mineral phases are the same in both areas i.e. pyrite, chalcopyrite, sph-
alerite, bornite, fahlore and galena, although relative amounts can vary 
significantly. For example, the.main Cu-sulphide at Polusagi is chalco-
pyrite, while it is bornite at Canakci, Magnetite and hematite, found at 
Polusagi 9 are not observed in Canakci; while rnawsQnite, hexastannite, 
colusite and native gold,occurring only in trace amounts, are not encoun-
tered in the Polusagi massive sulphides. The gangue mineral contents of 
massive sulphides of both areas are qualitatively identical. 
7.3.2.2. Disseminated pyrite mineralisation 
Pyrite is almost the sole ore mineral. Chalcopyrite and sphalerite do 
occur, but only in trace amounts and rarely as minor phases alongside the 
major ore mineral, pyrite. The sulphide content varies from disseminated 
types to more massive types, The gangue is dominantly siliceous with fine, 
interlocking quartz grains, The mineralisation is clearly comparable with 
the stockwork mineralisation of the Polusagi area, 
?.J,J. Banding in the massive sulphides 
No clear-cut mineralogical banding of the type seen at the massive 
sulphide mineralisation of the Polusagi area is observed. However, there 
are horizons, up to a few mm thick and parallel to each other, which are 
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identified with coarse pyrite grains 9 up to 2nun in diameter,in a matrix of 
finer grained pyrite (average diameter O.J nun). In such cases the coarse 
grained pyrite 11 band 11 is accompanied by bornite 9 with some sphalerite, 
galena and fahlore,forming the matrix while the latter minerals are 
scarce outside the band. Similarly 9 bornite or sphalerite or fahlore may 
be enriched along some bands within the broadly pyritic background. 
7.3.4 Mineral textures 
7.3.4.1 Pyrite forms 
The same forms of pyrite as identified in the mineralisation at 
Polusagi exist although in different proportions. Clearly framboidal 
forms are not observed but framboidal shapes outlined by tiny inclus-
ions are identified within the crystalline pyrite grains and taken to 
represent now recrystallised remains of previous framboidal pyrite. Porous 
pyrite, slightly recrystallised versions of that at Polusagi occurs both 
in the massive and disseminated sulphide mineralisations, containing 
numerous tiny inclusions. However, porous pyrite is not. Qs common and 
tends to occur in the massive ore more than it does in the disseminated 
sulphides. The crystalline pyrite is by far the dominant form in the 
massive sulphides with round 9 sub-round,subhedral and anhedral shapes. 
The grain size is variable from 0.1 to 2 nun in diameter. On average they 
are more closely packed and coarser than their counterparts at Polusagi. 
Similar to its occurrence in Polusagi 9 the euhedral pyrite is typical of 
the disseminated pyrite mineralisation where its size varies, in general, 
from 0.5 to 1.5 nun in diameter. As compared with the similar sized cry-
stalline pyrite in the massive ore 9 the euhedral pyrite is relatively free 
from large sulphide inclusions but may have fine inclusions of gangue 
concentrated along growth zones, or in the centres of the grains. 
It is concluded that the forms of pyrite observed from the massive 
und disserui nated ore mineralisation are v·ery similar to those of the 
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massive and stockwork ore mineralisation of Polusagi respectively. The 
relatively less common occurrences of framboidal and porous pyrite and 
the dominance of crystalline pyrite as well as the coarser sizes of 
the pyrite grains observed at Canakci 9 is attributed to a higher grade or 
a more prolonged period of metamorphism than occurred at Polusagi. 
7.3.4.2 Inclusions in pyrite 
As was the case at the Polusagi mineralisation, pyrite of all forms 
contains numerous inclusions of varied size 9 form, distribution and min-
eral content (Plate ?.)0). What was said for the inclusions in the pyrite 
grains of Polusagi area (section 7.2.1.6.2) is equally valid for the pyrite 
grains occurring at Canakci area9 with two deviations. Firstly, since the 
crystalline pyrite grows through recrystallisation of the finer porous or 
framboidal pyrite 9 it encloses inclusions from the matrix and consequently 
the pyrite 11 porphyryblasts 11 at Canakci have more bornite, galena and ;(ah-
lore but less chalcopyrite inclusions due to relative variations in the 
abundances of these minerals as compared with those at Polusagi. Second-
ly the internal textures, such as growth zoning 9 are less pronounced in the 
crystalline pyrite as a result of a higher degree of metamorphism (Mc-
Donald, 1967; Vokes, 1969; Shadlun9 1971). 
7.J.lt.J. Inter-relations of ore minerals in the massive sulphides 
Pyrite, along the fractures in the massive ore (Chapter two), shows 
excellent cataclastic textures due to fault brecciation where angular grains 
ground down to sub-micron sizes are partially cemented by gangue min-
erals but little bornite, chalcopyrite and sphalerite. However, away 
from these fractures, in the compaet ore, pyrite grains are also com-
monly cracked. The orientation of the cracks is cormnonly irregular but 
may be broadly radial or concentric (Plate 7. Jl) • The cracks are in-
vaded and filled with the matrix sulphides : mostly bornite and less 
commonly sphalerite, fahlore 9 galena and rarely chalcopyrite and some-
times gangue minerals. These cracks are thought to be due to the 
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Plate 7.30 : Large euhedral pyrite with 
inclusions of galena, sphalerite, bornite 
and some chalcopyrite, concentrating in the 
centre. Dark is gangue. Sample: El-7, X225. 
Plate 7.32 : Cataclastic texture of pyrite 
with a preferred orientation of shattering. 
Sample: E3- A- 3, X70. 
Plate 7.31 : Pyri~e grain with concentric 
"shrinkage" cracks now filled with bornite 
which is partially replaced by digenite. 
Sample: E5-B, X225. 
Plate 7.33 : Mawsonite (orange) in bornite 
(brown). Yellow is pyrite. Sample: 
El-6-lB, XlOOO, under oil. 
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load pressure after formation 9 or due to shrinkage in case of the origin-
ally coarse pyrite grains. Some pyritic samples exhibit textures where 
pyrite grains are fractured and brecciated with a certain directional 
fabric, suggesting directional high pressure stress (Plate 7.32). 
In the areas within the massive ore where the matrix minerals are 
abundant and form mineralogical "bands", pyrite grains are generally 
separated from one another; coarser than average and completely surr-
ounded by the matrix ·minerals. In pyrite dominated areas, pyrite may 
form a compact granular texture where grains touch one another, but not 
quite developing triple junctions described by Stanton (1972) to be due 
to annealing. In the latter case, only small amounts of matrix minerals 
are present and they concentrate along grain boundaries. 
The relationship of pyrite with the surrounding and invading matrix 
minerals, and indeed the interrelations of the matrix minerals, do not 
provide evidence for replacement. The only replacement nbserved is be-
tween the matrix minerals and the supergene ore minerals such as .oovelli te, 
digenite and idaite replacing bornite. 
Considering the points raised during the discussion of the effects 
of metamorphism on the sulphide assemblages of the Polusagi area, the 
above features are attributed to metamorphism. Under the increasing 
temperature and pressure recrystallisation would be followed by frac-
ture failing of the competent pyrite grains and mobilisation and flow 
of the "softer" matrix minerals around pyrite and into the cracks so 
developed. The granular texture of the compact pyrite grains approxim-
ating to annealing textures and the directional pattern in the breccia-
tion of some pyritic samples indicate that metamorphism (particularly 
pressure) was of higher grade than that of Polusagi. 
7.3.5 A discussion of the origin of mineralisation 
The above account of the mineralisation at the Canakci area clearly 
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demonstratesthat the polymetallic massive ore and disseminated pyrite 
mineralisation are mineralogically and texturally very similar to the 
massive and stockwork type mineralisation of the Polusagi area respect-
ively. Although the host rocks for the mineralisation at each area are 
quite different 9 both are products of sub-marine volcanogenic processes 
(Chapter two). Therefore 9 it is reasonable to assume a similar origin of 
deposition for the mineralisation at the Canakci area as that proposed 
for the mineralisation at the Polusagi area9 discussed earlier in this 
chapter and summarised at the end. However 9 the differences between 
the mineralisations must also be considered. 
Unlike the mineralisation at Polusagi 9 the field relations do not 
permit a direct recognition of a vertical mineralogical zonation or grad-
ation from the disseminated to the massive types of sulphide mineralis-
ation. This can be explained by the probable tectonic displacement of 
the massive ore as well as some of the disseminated mineralisation 
(Chapter two). The Fe-Mn rich cherty sediments associated with the sul-
phide mineralisation at Polusagi are not observed. However, identical 
but discontinuous bands, up to 0.5 m thick, of Fe-Mn rich cherty hor-
izons a few km SW of the Canakci area and around the village of Gevenis, 
7 km to the west, have been observed within tuffaceous and agglomeratic 
volcanogenic formations by the present author while studying the Canakci 
area and mapping the area around the village of Gevenis (unpublished work, 
1979) • Furthermore, rare red-cherty fragments do occur within the gangue 
of the massive ore. These suggest that similar conditions to those that 
produced the Fe-Mn rich cherty sediments at Polusagi must have existed 
during the formation of the massive ore 9 but probably somewhat modified. 
Mineralogically, the most significant differences are that the major 
Cu-sulphide is bornite in the Canakci massive ore while it is chalcopy-
rite in that of Polusagi and that some rare minerals, namely mawsonite, 
hexastannite, colusite and native gold (see proceeding sections) occur 
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in the Canakci massive sulphides, albeit in trace amounts. These diff-
erences can be explained in terms of a higher grade metamorphism that the 
massive sulphides at Canakci have undergone. 
As extensively discussed in review papers on the metamorphism of 
sulphide deposits by McDonald (1967) and Vokes(l969) 9 high grade meta-
morphism can alter the sulphide mineralogy. Pyrite is the dominant 
iron-sulphide in low grade metamorphic sulphide assemblages; however at 
high grades 9 it may be transformed into pyrrhotite which releases sul-
phur9 thus increasing the sulphur fugacity. An increase in sulphur fug-
acity could result in transformation of chalcopyrite to bornite plus 
pyrite. E. Horikoshi 9 in a personal communication (1968) with Vokes 
(1969) 9 considers that the pyrite+chalcopyrite assemblage is the prim-
ary association of the Japanese strata-bound sulphide deposits occurring 
in the central metamorphic belt. This assemblage tends to change to 
pyrrhotite+chalcopyrite under normal high grade metamorphism. However, 
under conditions of the glaucophane schist facies iGe. high pressures and 
moderate temperatures, the new stable assemblage is bornite+pyrite rather 
than pyrrhotite+chalcopyrite. 
Pyrrhotite is not observed in the massive sulphides of Canakci area, 
where chalcopyrite and bornite abundances have an inverse relationship 
i.e. chalcopyrite occurs in minor amounts in bornite-poor samples, and 
is virtually non-existent in the bornite-rich samples. Therefore, it is 
possible that the original massive sulphides could have contained chalco-
pyrite as the dominant Cu-sulphide 9 as in the Polusagi area9 wh~ch sub-
sequently transformed into bornite under moderate temperatures and high 
pressures (which is implied by mineral textures) during metamorphism. 
According to McDonald(l967), increasing thermal metamorphism and 
especially 11 dynamic" metamorphism would lead to an increasingly complex 
sulphide mineralogy since deformation and the subsequent recrystalli-
sation of the sulphides would remove the "foreign" ions from the structure 9 
-299-
forming new additional mineral phases. Such a mechanism under high pre-
ssures and moderate temperatures could account for the occurrence of trace· 
amounts of mawsonite, hexastannite, colusite and native gold, all of 
which mainly occur within the "soft" minerals capable of plastic flow 
under these circumstances. 
7.4. Ore minerals 
7.4.1 Introduction 
Since the general forms and textural relations of the ore minerals 
associated with the massive and disseminated 'stockwork' types of sul-
phide mineralisations have been discussed earlier in this chapter, the 
following pages will concentrate on the chemistry of these minerals and on 
more descriptive accounts of those minerals not already discussed in the 
order : primary sulphides, sulphosalts, native elements, oxides, and 
supergene sulphides and other minerals. 
7.4.2 Primary ore minerals 
7.4.2.1 Sulphides 
7. 4. 2. 1. 1 Pyrite 
Pyrite from both deposits is slightly anisotropic from orange-brownish 
to greyish-bluish tints; especially notable when the analyser is not com-
pletely crossed. This is not a polishing effect, as some pyrite grains in 
the same section show complete isotropy. Similar slight anisotropy has also 
been observed by Taylor (1981) 9 and Bayliss (1977) proposes a triclinic 
structure to account for this. This feature is found to be useful in id-
entifying single crystals in the composite grains. 
67 spot analyses of pyrite from the Polusagi mineralisation - both 
porous and crystalline grains - were carried out (Appendix IV.).l) for Fe 
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and S and the trace el~ments Co,Ni 9 Mn9 Cu 9 Zn and Se 9 and their ranges and 
averages are presented in Table 7.2. 
There are no systematic variations of major or trace elements between 
the porous and crystalline pyrite grains. Although a number of zoned pyrite 
grains have been analysed at regular intervals from core to margin, signif-
icant systematic variations in major or trace elements could not be estab-
1 ished. 
The greatest trace element variations are seen in the Cu and Zn con-
tents. Zn values up to 5% and Cu values up to 0.6% are indicated. How-
ever, such high values are most probably due to admixtures of minute spha-
lerite and chalcopyrite grains (Fleischer. 1955) respectively. 
Considerable amounts of Co and Ni can substitute for Fe in pyrite 
(Stanton 1972). The amounts of both substitutions seem to depend on the 
origin of pyrite formation. Fleischer (1955) reports that sedimentary 
pyrite is characterised by low Co contents ( <.100 ppm) and Co/Ni ratio-<.1, 
whereas pyrites of hydrothermal origin have high Co val11es ( ~-24.00 ppm) 
and Co/Ni ratio)l. Bralia et al (1979) consider the Co/Ni ratio of py-
rite to be a reliable and useful geochemical tool in ore genesis, and on 
the basis of Price's (1972) work distinguish pyrites from J distinct en-
vironments of formation : 
a) Sedimentary pyrites are characterised by generally low values 
of Co and Ni, but mainly by a low value of their ratio faverage 0.63). 
b) Pyrites from hydrothermal veins show highly variable Co and Ni 
contents as well as highly variable Co/Ni ratios,average of which • 1.17. 
c) Pyrites from massive sulphides and volcanogenic exhalative min-
eral deposits are characterised by Co/Ni ratios varying from 5 to 50. 
Co/Ni ratios have been successfully used in distinguishing environ-
ments of formation by Loftus-Hills and Solomon ( 1967) and Will an and Hall 
(1980) and claimed to be reliable indicators. The Co content of pyrites 
from Polusagi is consistently high (average 1250 ppm) and that of Ni very 
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low (average 60 ppm). The Co/Ni ratio average is 21. Therefore the Co and 
Ni contents and their ratios suggest a volcanogenic exhalative mode of form-
ation - fully compatible with the proposed origin. 
Similarly the S/Se ratio of pyrite has been proposed as a possible 
indicator of ore genesis (Fleischer 9 1955; Stanton9 1972) : the ratio is 
generally ~23000 for pyrite from hydrothermal exhalative sources 9 and around 
100000 for sedimentary pyrite. However this ratio as an indicator may not 
be as reliable as Co/Ni ratio (Willan and Hall 9 1980). The Polusagi pyr-
ites, having S/Se ratios (.2;:{)()0 9 are indicated to have a hydrothermal exhala-
tive source which provides further support for the proposed origin of 
deposition. 
7. 4. 2.1. 2 Chalcopyrite 
As one of the major ore constituents at Polusagi, chalcopyrite occurs 
as a matrix mineral on its own or with sphalerite, forming very fine ex-
olution textures (Plates 7.4 and 7.23), or as inclusions of sizes down to 
sub-micron scale in sphalerite and pyrite. It is a rather minor phase at 
Canakci 9 probably due to its transformation to bornite as a result of high 
pressure and moderate temperature metamorphism (section 7.3.5.). 
17 analyses of chalcopyrite from Polusagi are listed in Appendix IV. 
3.2. They are analysed for Fe, Cu 9 S and trace elements Co, Ni, Mn, Zn 
and Se. The ranges and averages of the' elements are presented in Table 
7.2. They are very poor in Ni, Mn and Se and poor in Co, but the ind-
icated abundances are comparable to those reported by Hawley and Nichol 
(1961) for chalcopyrite from various deposits. 13 analyses contain high 
concentrations of Zn9 in the range 0.4 to 2.1%. This is almost certainly 
due to extremely fine inclusions or exsolution of sphalerite in chal-
copyrite. 
.TABLE 7.2 
Range and average element concentrations in pyrite, chalcopyrite and sphalerites. 
PYRITE Q!ALCOPY !UTE SPHALERITE 
Polusagi Mineralisation Polusagi Nineralisation Polusagi Mineralisation Canakci Nineralisa··:ion 
wt% Range Average(6 7) Range Average(!?) "~>-t% Range Average(21)) Range Average(ll) 
-----
--~--
Fe lt2.l36- 4 7. 94 46.59 29.67- 31.96 J0,J7 Zn 63.55- 67.33 65.83 64.71- 66.88 6Ei.09 
s 50.20- 53.84 52.72 33.53- 34.62 34.14 s 31.89- 32.84 32.39 31.95- 32.8) 3:::.48 I 
'6 
[\J 
Cu 0.06- 0.19 0.12 0.00- 0.12 0.05 Fe 0.05- 1.94 0.78 o.O.J- 0.9'J ;).45 I 
Ni 0.00- 0.09 0.01 0.00- 0,03 0.00 Mn 0.00- 0.08 0,02 0.00- 0.12 .;).02 
Mn 0.00- 0.29 0.02 0.00- 0.01; 0.01 Cu 0.00- 1.44 0.39 0.00- 1.19 :). 28 
Cu 0.00- 0,58 0,10 3.52- 3lt. 75 34.07 Se 0.00- O.llt 0.05 0.00- 0.10 :).0/t 
Zn 0,00- 5.25 0.20 0.00- 2,11 0.75 Ag 0,00- 0,04 0,00 0.00- 0.00 o.oo 
Se 0,00- 0.)8 0.07 0.00- 0.13 0.01 Cd 0.11- O,J6 0.20 0.26- 1.18 !).67 
Total 99.05-101.00 99.82 98.27-100.70 99.lt0 Total 98.95-100.67 99.65 98.52-100,84 10{),04 
--
-
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7.4.2.1.3. Sphalerite. 
Sphalerite is one of the major ore minerals at Polusagi and an 
important ore constituent at Canakci, occurring chiefly as a matrix 
mineral in both areas. It is interesting that sphalerite,in the sphal-
erite-rich bands of massive sulphides of the Polusagi mineralisation,show 
subtle colour variations from brownish to bluish tints of grey. Despite 
a number of microprobe analyses made on the areas with different colour 
shades 9 a systematic chemical variation in the abundances of elements 
could not be established. Sphalerite from both areas does not show the 
more co~non reddish or yellowish-brown internal reflection, but rather a 
milky and yellowish-white internal reflection is observed. This is prob-
ably due to its low iron content (Ramdohr, 1980). 
40 microprobe analyses of sphalerite, 29 from Polusagi and 11 from 
Canakci, carried out for Zn, S and the trace elements Fe, Mn, Cu, Se, Ag 
and Cd are listed in Appendix IV.J.J. Ranges and averages of the element 
concentrations of sphalerite from each area are shown in Table 7.2. 
Mn and Se concentrations are very similar in sphalerites from both 
areas with averages 0.02% and 0.045% respectively. The Ag concentrations 
are very low and mostly below the detection limit. 
Cd often substitutes for Zn (Ramdohr,l980) and up to 4.4% Cd has 
been reported to have substituted for it (Fleischer, 1955). Sphalerite 
analyses from Canakci contain up to 1.2% Cd (average = 0.67%) whereas 
those from Polusagi contain up to 0.4% Cd(Average 0.20%). Cadmium 
content of sphalerite seems to be independent of the conditions of form-
ation and a clear indication of systematic differences in sphalerites from 
high-temperature and low-temperature deposits does not exist (Fleischer, 
1955). Therefore, the differences in Cd concentration of sphalerite from 
the two areas under consideration can be attributed to the differences in 
the abundances in the original hydrothermal solutions. The high Cd 
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concentrations could prove to be a valuable economic by-product of the ore, 
especially at Canakci. 
Fe and Cu contents of the sphalerites from both areas are positively 
correlated. Cu values in some analyses are high9 up to well over 1% and 
much higher than those reported by Fleischer (1955). Even different parts 
of the same grain show great variations in Fe and Cu concentrations. There-
fore 9 almost certainly, the high Fe values which are coupled with high Cu 
values are due to minute chalcopyrite exsolution or inclusions present in 
sphalerite. At reasonably low Cu abundances i.e 0.1%9 the Fe content 
varies in the ranges 0. J to 2% and 0 .OJ to 0.60% for the sphalerite analy-
ses from Polusagi and Canakci areas respectively. Thus, the Canakci 
sphalerites are characterised by lower iron contents. This can be ex-
plained by the higher grade (mainly higher pressure) metamorphism that 
prevailed over the mineralisation at Canakci 9 since higher pressures 
would decrease the iron contents of sphalerite (Willan and Hall, 1900). 
The iron content of sphalerite has been suggested as a geothermometer 
(Barton and Toulmin9 1966) and applied to ore genesis problems (Urabe 9 1974; 
Willan and Hall, 1980). No attempt, however 9 was made to use the iron con-
tent of the sphalerites as a geothermometer since there is no pyrrhotite 
occurring in the deposits, as well as there is the probability of the Fe 
contents of the sphalerite being modified during subsequent metamorphic 
events. 
7.4.2.1.4 Galena 
Galena is a minor phase in Polusagi,only gaining importance amongst 
the ore minerals at some banded and semi-massive minera::.isation away from 
the massive ores. In the massive ore it i~ normally associated with the 
chalcopyrite-rich bands and occurs as irregular and individual grains up to 
O.J mm L!l diarnc~tc'r 9 but normally much finer. It i;-; also found within sph-
alerite and a.-o inclusions in the crystalline pyrite. It is absent in the 
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stockwork mineralisation. 
In the Canakci area 9 galena is not found in the disseminated pyritic 
mineralisation, but is one of the major ore mineral phases of the massive 
ore. Its :form 9 sirnilarly 9 is anhedral and the grains may be up to 0.5 rum in 
diameter. It is normally accompanied by bornite and fahlore. 
35 analyses of galena (26 from Polusagi and 9 from Canakci) were 
made :for Pb, S and the trace elements Mn, As, Se 9 Ag 9 Cd9 Sb 9 Te and Bi 
(Appendix IV-:3.4). The ranges and averages Of these elements are presented 
in Table 7.3. 
The abundances of Mn, As, Cd9 Sb, Te and Bi in galenas from both areas 
are very similar and within the same range as those reported by Fleischer 
(1955) 9 Malakhov (1969) and Urabe (1977), except Cd. The Cd concentration 
of galenas from both deposits are higher than most of the reported concen-
trations which are well below 0.02%. Malakhov (op cit) tentatively suggests 
that Bi and Sb contents of galena can be used as indicators of conditions of 
ore formation. The abundances of these elements in the galenas from both 
mineralisations are compatible with the abundances in galenas from deposits 
formed under medium temperatures and associated with effusive and sub-
volcanic formations (Malakhov9 1969 9 Fig.6.). 
Se can substitute for s,up to as much as 18% (Ramdohr, 1980). Most 
galena analyses from Canakci have Se in the range 0.2 to 0.9%, while they 
have a great deal of variation in Polusagi. In Polusagi most galena 
analyses show Se contents below the detection limit or~O.O.l% while the 
analyses of different galena grains from two samples repeatedly indicate 
Se concentrations around 0.4% for one, and around or above 1.2% for the 
other. Such high Se concentrations are quoted by Fleischer (1955) and 
may be due to a solid solution with clausthalite (PbSe). 
Ag is reported to be almost always present in galena, up to a few 
per cent, as silver bearing solid solution phases such as argentite and 
fahlore (Ramdohr, 1980). While the average Ag contents of galenas from 
TAI3LE 7.) 
Range and average element concentrations in galenas and bornite 
··--
GALENA . BORNITE 
···--
Polusagi Mineralisation Canakci Mineralisation Canakci Mineralisation 
\h% Range Average( 26) Range Average (9) Wt% Range Average (/1) 
Pb 85.20- 86.91t 86 ,2/t 85.77- 86.67 86.27 Fe 11.39-12.58 11.74 
I 
s 12.53- 1).62 13.28 13.08- 1).43 13.2} Cu 60.)')-6).0'::1 62.01 ~ 
i'-ln 0.00- 0.05 0.01 0.00- 0.01 o.oo 5 24. llt-25.20 21!.92 
As 0.00- 0.06 0.01 0.00- 0.05 0.02 Zn 0,00- 0.13 O.OG 
Se 0.00- 1,6/t 0.23 0.00- 0.87 0.]:4 Ag 0,00- O,O!t 0.02 
Ag 0.00- 0,)2 0.05 0.01- 0.07 0.04 Total 98.28-99.38 98.76 
Cd 0.04- 0,18 0,12 0,12- 0.16 0.14 
Sb 0,00- 0.06 0.01 0.00- 0.07 0,02 
Te 0.00- 0,16 0.06 0.00- 0.0';1 0,01. 
Bi 0.00- 0.14 0.03 0.00- O,Oit 0.01 
Total 99.05-100.90 100.03 9').61t-100.66 100.17 
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both deposits are similar and low, occasional grains in Polusagi may have Ag 
contents well above the average values, e.g. 0.3%. 
7.4.2.1.5. Bornite 
Bornite is one of the major ore constituents and matrix minerals 
occurring in the Canakci massive sulphide mineralisation (Plate 7.29). 
However 9 it is a minor sulphide phase in Polusagi, gaining importance 
only at the massive ore locality 4 (Chapter two). It alters to cove-
llite and idaite in both deposits 9 but the alteration into digenite is 
exclusive to 9 and common in the massive ore at Canakci. 
The average abundances of Fe ~ Cu 9 S 9 Zn and Ag frorr 4 analyses 
(Appendix IV.3.5) are shown in Table 7.3. As, Sb 9 Ge and Sn were not 
detected. The average composition gives a formula : Cu
5
•02 Fel.OB 
s4 •00 on the basis of 4 sulphur atoms per formula unit. i.e. close to the 
theoretical formula. 
7.4.2.1.6 Mawsonite or 'orange bornite' and hexastannite or •stannite jaune' 
7.4.2.1.6.1. Introduction 
Two tin-sulphides, mawsonite and related hexastannite, occur in trace 
quantities exclusively within the massive sulphide ore at Canakci. These 
ore minerals have been identified for the first time in Turkey (see Cag-
atay A. 9 1979, for a complete list of known ore minerals of Turkey). 
Mawsonite occurs as minute grains 9 up to 60 microns in diameter, 
within the bornite matrix and is difficult to spot at first sight in the 
freshly polished bornite background (Plate 7.33). It has, &owever 9 a 
~trong birefloction between tints of brownish-orange colours and very 
strong anisotropy. Anisotropy colours change from light orange-yellow 
to greenish-blue. As compared with freshly polished bor:::ti te 9 ma\vsoni te 
shows a lighter yellowish-orange colour. 
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Hexastannite is very rare and related to mawsonite. It occurs 
with mawsonite in the same environment i.e. in bornite. Grains reach-
ing sizes of 10-15 microns are extremely rare. It is browner with no 
yellowish tint as compared with mawsonite, and has a similarly strong 
anistropy. 
Mawsonite was first described by Markham and Lawrence (1965) from 
Mt.Lyell 9 Tasmania, and Tingha, New South Wales, and a formula Cu7 
Fe2 Sn s 10 , and a structure similar to that of renierite were su~gested. 
Most of the "orange bornites11 described in literature since the beginning 
of this century seem to be equivalent to mawsonite (Uytenbogaardt and 
Burke 9 1971). The original formula given by Markham and Lawrence 
(1965) was revised on the basis of improved chemical analyses and the 
formula Cu6Fe2Sn s 8 now seems to have gained acceptance (Springer, 
1968; Lee et al 9 1975; Kissin and Owens, 1979). 
It was Ramdohr· (194A, 1960) who first described the mineral •stan-
nite (?) 1' and later named it hexastannite. Kato (1969) named a mineral 
'stannoidite' and later suggested that it was equivalent to hexastannite. 
According to Levy (1966), 'stannite (?)1' and hexastannite may also be 
•stannite jaune' whose formula he gives as (Cu,Sn)J Fe s 4. However a 
more accepted formula today is cu8 (Fe,Zn) 3 sn2s 12 (Springer, 1968; Lee 
et al, 1975; Kissin and Owens, 1979). 
Levy (1966) pointed out that hexastannite ( •stannite jaune') and 
rnawsonite may be part of a solid solution series, but Springer (1968) 
considers this unlikely on the basis of the metal/sulphur ratios being 
higher than 1 and different for each phase and because of the different 
structures. 
Appendices Iv.J.6 and IV.J.7 include 10 mawsonite and 2 hexastannite 
analyses from Canakci , carried out for the elements Fe, S 9 Cu, Zn, Ag and 
Sn and the atomic proportions calculated on the basis of 17 and 25 atoms 
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respectively. No Ge was detected in any of the analyses. In Table 7.4 
the ranges and the averages of the elements for the mawsonite and hexa-
stannite analyses are presented and the averages are comparable with those 
of the equivalent minerals reported by varioliliS sources. Analyses of the 
mawsonites approximate closely to the generally accepted formula : cu
5
•
99 
Fe2 •06 Sn1 •09s 7
• 83 • This is also so for the hexastannitc : Cu8 •05 (Fe2 • 15 
Zn1 •02 ) 3 • 17 Sn2 •03 s11 • 75 • It is interesting to note that the Fe/Zn ratio 
in the hexastannite is nearly 1 and relatively constant 7 while Kissin and 
Owens (1979) report variations in Fe/Zn ratios of hexastannite in the 
range 2 to J. 
The association of mawsonite and hexastannite with bornite is con-
sidered by Lee et al (1975) who synthesized mawsonite and hexastannite 
( 1 stannoidi te 1 ) and discussed their genesis in ore deposits. They con-
elude that mawsonite f0rms below 390°C and it is always accompanied by 
bornite anQ/or 1 stannoidite 1 • 0 Above 390 C 9 mawsoni te decomposes into a 
fine mixture of 1 stannoidite 1 9 bornite and chalcopyrite. Therefore, the 
association bornite+mawsonite+hexastannite in the Canakci massive ore 
0 
should represent temperatures below 390 c, which suggests that the meta-
morphism could not have attained higher temperatures than 390°C i.e. com-
patible with relatively high pressure prehnite-pumpellyite facies con-
ditions. 
?.4.2.1.7 Colusite 
7.4.2.1.(.1. Introduction 
This mineral phase occurs as round or sub-round grains in pyrite 
and frequently in bornite, exclusively within the massive sulphide 
ores of the Canakci area. In bornite, it is sometimes associated with maw-
son:i.t!? and hexastannite. The grain size is similar to the tin-bearing 
phases and no rrnre than 50 microns in diameter (Plate.7.34). The colour 
TABLE 7·'* 
Comparative chemical data on mawsonite and hexastannite 
M A W S 0 N I T E H E X A S T A N N I T E 
wt% 0 0 0 ® 0 @ @ C0 ® ® 
Fe 11.23- VJ,,05 13.10 13.51 12.55 12.'*0 9.16- 9.23 9.20 11. 8'* 10.75 10.00 
s 27.83- 28.89 28.53 29.82 31.15 30.1k2 28. '76-28.88 28,82 29.81 29.73 29.2 
Cu 41.18- 45 .oo 43.27 43.59 44.30 43.79 38.90-39.32 39.11 37.52 39.78 38.65 
Zn 0.00- 1.41 0,21* 0.08 
-
0.02 5.03- 5.15 5.09 2.7() 1.68 3.05 
Ag 0.00- 0.06 0,02 
- - -
0.02- 0.05 0,03 
- - -
Sn 13. 59- 16 • 26 14.72 13.82 12,lt8 12.66 18.30-18.48 18.39 20.12 16.38 18.'*5 
Total 98.91-100.37 99.85 100.82 100.50 99.02 1()(), 27-101,00 100,64 102,01 99.45 99.90 
Numbers in parentheses=number of analyses averaged, 
0 Present study 9 element range . 
(_JD Present study, maw~nite average ( 10). 
~ •Orange bornite' average (9); Levy,1966. 
(§) Mawsonite average (4); Levy, 1966. 
© Present study, element range • 
@ Present study, hexastanni te average ( 2) • 
(0 1 Stannl te j anne 1 average ( 9) ; Levy; 1966. 
Hexastannite average (4); Springer; 1968. 
wt% 
Fe 
s 
Cu 
Zn 
Ag 
Sn 
Total 
G) Mawsonite average (5); Springer, 1968. 
~ 
® 1 StarllX>idite' average (2); Kissin and Owen,1979. 
• with exclusion of one analysis (Zn=l,41%), 
Zn average = 0.07% • 
I 
w 
J-1 
0 
I 
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Plate 7.34 : Colusite (grey), associated 
with bornite (brown ) and pyrite (yellow). 
Bl ack is gangue. Sample: E4-l, XlOOO, under 
oil. 
Plate 7.36 : Extremely fine intergrowth of 
chalcopyrite (the spi ndles) and idaite. 
Sample: E - 3, X2250, under oil. 
Plate 7.35 : Gold streak (orange- yellow) in 
tennantite. Yellow is pyrite, brown is born-
ite, blue is digenite and grey is galena. 
Sample: E2-4, XlOOO, Wlder oil. 
Plate 7.37 : Bornite, being replaced by dig-
enite (blue) along numerous veins with a 
"mosaic" texture. Sample: El - 6B, XlOOO, 
under oil. 
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is a brownish-creamy yellow colour. The reflectance seems to be lower 
than pyrite and higher than bornite and it is isotropic. Although it 
occurs in trace amounts, its occurrence is more common than those of 
mawsonite and hexastannite. Like mawsonite and hexastannite 9 colusite 
has not previously been reported from Turkey. 
7.4.2.1.7.2 Chemistry 
17 spot analyses of the mineral were made (Appendix IV.J.8) for the 
elements Fe, s, V, Cu9 Zn9 Ga 9 Ge 9 As, Ag and Sn and the range and aver-
ages of element abundances are shown in Table 7. 5. It 'is a Cu, As, Ge, 
V, Fe and Sn sulphide with traces of Zn, Ga and Ag. The following ore 
minerals similar in some optical and chemical aspects are considered : 
a) Sulvanite, Cu3vs4 : Dolanski (1974) reports the fourth occurr-
ence in the world of this rare primary vanadium sulphide and reviews much 
of the existing literature. The colour of sulvanite in the polished sect-
ion is creamy-white. 
b) Arsenosulvanite 9 Cu3As s 4 : This mineral shows a complete solid 
solution series with sulvanite and has been reported by Sclar and Drov-
enik ( 1960) under the name ' 1 azarevi cite' (reference from Uytenbogaardt 
and Burke, 1971). The colour of the As-end member of the series is a 
distinct yellow-brown tint and the members seem to get browner with in-
creasing As-content. 
c) Colusite9 Cu3 (As 9 Sn9 V9 Fe)s4 , has the advantage of being found 
in association with hexastannite ( 'stannite jaune')- mawsonite series, as 
reported by Uytenbogaardt and Burke (1971) where its colour is given as 
'coppery-cream to creamy tan'. 
d) Germanite, Cu3 (Fe,Ge)s4, may contain some Ga, Zn, As and V, 
and is pinkish violet-grey in colour (Uytenbogaardt and Burke 1971). 
All the above mentioned ore minerals are cubic and have reflectances 
in the range between bornite and pyrite. Some representative compositions 
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of these minerals are also included in Table 7.9. Cu and S values of the 
mineral occurring in Canakci agree with those of the 4 minerals considered; 
however the other important elements 9 As 9 Ge, V, Fe and Sn show consid-
erable variations. Therefore, the formula in analogy to the above min-
erals may be calculated with S=4 or total number of atoms = 8. On the 
basis of S=4 9 the average chemical analyses gives: 
Cu (As V Ge ...Fe Sn... ) S 3.24 o.47 o.24 O.Hf 0.16 u.03 1.08 4.00 
and on the basis of total number of atoms 8 it becomes 
s 
3.84 
If the slight excess in Cu is igoored bo1h formulae closely approx-
imate to a type Cu
3 
X s4 which is extensively studied by Levy (1966) 
where X = As,V,Ge,Fe,Sn and trace amounts of Ga and Zn. Therefore, it 
seems possible that this mineral represents a member of a complex solid-
solution series with end members 
Cu3 Sn s4 in the crude proportions 15 :7 :6 : 1 respectively. 
Commonly, the mineral 'colusite'appears to accommodate As, Sn, V and 
Fe into the X position (Levy 9 1966) 9 and it is found in association with 
hexastannite-mawsonite series. Perhaps the mineral found in the Canakci 
massive sulphide ore can then be best described as a Ge bearing-colusite. 
It is noteworthy that amongst the members of the X site of the 
Canakci colusi te, As shows minimal variation and the content is very 
close to 0.5 atom per formula unit. The range of atomic contents of the 
important elements are as follows (S~4) : As = 0.401 - 0.509 9 V = 0.153 -
0.269, Ge = 0.107 - 0.225, Fe = 0.012 - 0.364 and Sn 0.007 - 0.066. 
Therefore, the formula also approximates to an ideal Cu
6 
(V,Ge,Fe,Sn) As 
s8 • Such a constancy of As content around 0.5 atoms in colusite formula 
is also observed by Levy (1966). This provides further support for the 
suitability of the name 'colusite' for the mineral under consideration. 
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TABLE 7.5 
Composition of colusite and related sulphides 
0 ® <D 0 G) 8 
Fe 0.17- 5.19 2.18 1.00 7.53 
s 29.70- 31.46 )1.04 30.65 36.5 33.20 32.56 
v 1.98- 3.34 2.98 2.28 14.6 
Cu 48.96- 52.89 5().53 /17 0 99 50.4 45.27 48.41 
Zn 0.00- 3.03 0.22 0.93 
Ga 0.00- 0.12 0.03 
Ge 1.96- 4.01 3.15 9.60 
As 7·59- 9.18 8.62 9.54 3.37 19.02 
Ag 0.00- 0.09 0.02 
Sn 0.20- L96 0.89 6.71 
Others 
-------- 1.45 
Total 98.22-101.38 99.66 99.71 101.5 99.9 99.99 
Numbers in parentheses number of analyses averaged. 
0 Present study 9 element range. 
® Present study 11 colusite average (17). 
CD Colusite; Levy 9 1966. 
0 Sulvanite; Levy9 1966. 
0 Germanite average (3); Levy 9 1966. 
G) Arsenosu1vanite 9 theoretical composition • 
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7.L1.2.2 Sulphosalts. 
7.4.2.2.1 Fahlore group minerals 
7.4~2.2.1.1 Introduction. 
The German term 11 fahlerz 11 9 long used to describe the group of re-
lated sulphosalt minerals of which tetrahedrite and tennantite are the 
most OoMnon examples 9 is now commonly used by various authors in the anglis-
ized form 11 fahlore 11 • Following Ramdohr (1980) 9 the Sb 9 As, Ag, I'e and Bi 
rich members of the group are termed tetrahedrite, tennantite, frei-
bergite, goldfieldite 9 and annivite respectively. Minerals of this group 
are probably the most abundant sulphosal ts in the earth's crust and are 
the only sulphosal ts found in the deposits being described. 
They occur only in trace amounts in the massive sulphides of Polusagi, 
but constitute one of the major phases occurring in the matrix of the 
Canakci massive sulphides in association with bornite, sphalerite and 
galena (Plate 7.29). In each area, the fahlore is anhedral, but the grain 
sizes are different. At Polusagi 1 it is found within chalcopyrite- anQ/or 
sphalerite-rich bands as grains up to 0.3 mm in diameter, but most grains 
are much smaller. At Canakci, it is coarser and grains around 0.5 mm in 
diameter are common. 
Despite the earlier doubts on the chemical formula, in recent years 
a formula Cu (As, Sb) '· S has been widely accepted for the fahlore group 12 ~ 13 . 
as an ideal formula based on its crystal structure. However, it contains 
many elements such as Fe, Zn 9 Ag in solid solution and the majority of fah-
lore from various localities has been considered to correspond to the gen-
eral formula (Cu,Ag)lO (Fe,Zn) 2 (As 9 Sb)lt s13 (see Springer,l969; Yui,l971; 
Tatsuka and Morimoto, 1973; Charlat and Levy, 1974; Wu and Petersen,l977; 
Shika7o<Jno and Kouda, 1979). Furthermore, less frequent substitutions of 
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Hg 9 Ni and Co for Cu 9 of Te 9 Bi and to a lesser extent Sn and Ge for As 
and Sb can take place (Springer 9 1969; Ramdohr, 1980). 
7.Lt.2.2.L2 Chemistry. 
66 microprobe analyses of fahlore ( LJO from Polusagi and 26 from 
Canakci) were carried out for Fe, s, Cu, Zn, As, Ag, Sb, Te and Bi (see 
Appendix IV.3.9) and the averages and the ranges of element concentrations 
are presented in Table 7.6 for fahlores from each area. The elements Hg 9 
Sn, Ge, Co and Ni were analysed for in some samples but found to be low 
(< 0.01%) or below detection limit. The atomic proportions were calculated 
on the basis that total number of atoms, excluding S1 = 16 (see Table 7.6). 
The chemical formula for the average fahlore from Polusagi 9 therefore, 
is 
(Cu9 •77 AgO.Ol) 9 • 78 (Zn Fe ) (As Sb Te Bi ) r 1.84 0.45 2.29 3.04 0.87 0.00 0.00 3.92 
S12 •66 and that from Canakci : 
s_..., '5 !Gob • 
These formulae approximate very closely to the widely accepted theoretical 
formula in the form where A = Cu 9 Ag, B= Zn, Fe, C= As, 
Sb, Te and Bi. Thus, there is a general deficiency in S, and in the 
Polusagi fahlore there is a deficiency in Cu and an excess in Zn.Cu. 
Considering the fact that fahlore is one of the major silver-bearing 
mineral groups, and that it can contain as much as 50% silver (Ramdohr, 
1980), the fahlores from both areas are very poor in Ag, the contents on 
average being 0.04% in each case. Despite the uniformly low Ag values, all 
the other elements show either significant or remarkable chemical variations, 
excepting s. The extent and significance of these variations are summar-
ised in the following points 
a) Single grains from both deposits show only insignificant chem-
ical variation and are relatively uniform. This is con~rary to reports 
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TABLE 7.,6 
Range and average element concentrations in fahlores 
Polusagi mineralisation Canakci mineralisation 
wt% Range Average(4:0) Average(26) Range 
Fe 0.07- 5.91 1. 73 0.52 0.08- 2.57 
s 25.56- 28.07 27.00 27.4:1 26.33- 27.83 
Cu 39.4:0- 4:4:.21 4:1.4:2 4:3.29 4:1.4:9- 4:4.69 
Zn 4.75- 10.66 8.01 8.09 6.98- 9.18 
As 8.01- 19.28 15.23 18.83 15.94:- 19.71 
Ag 0.00- 0.19 0.04: 0.04: 0.00- 0.08 
Sb 1.01- 16.97 7.05 Oa96 0.05- J.47 
Te 0.00- 0.12 0.03 1.15 0.14- 1.85 
Bi 0.00- 0.69 o.o3 0.23 0.09- 1 .. 05 
Total 99. IL.~:-101.56 100.53 100.25 99.12-101.55 
Atomic 
proportions 
s 12.153- 13.282 12.626 12.64:7 12.04:1- 12.972 
Cu 9.466- 10.296 9.778 10.076 9-798- 10.322 
Ag 0.000- 0.026 0.006 0.005 0.000- 0.011 
Zn 1.1021- 2.l.~:J9 1.836 1.830 1.596- 2.068 
Fe 0.018- 1.605 0.464: 0.113 0.022- 0.690 
As L6JJ- 3.754 3.044 3.717 3.192- ).827 
Sb 0.122- 2.129 0.871 o. 117 0.007- 0.1!27 
Te 0.000- 0.015 0.004 o. 101 0.016- 0.216 
Bi 0.000- 0.049 0.002 0.017 0.006- 0.075 
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that most of the single grains of fahlore (mostly tetrahedrite) are heter-
ogenous due to strong chemical zonation (Springer 9 1969; Yui 9 1971; White 9 
1972; Charlat and Levy 9 1974; Wu and Petersen9 1977). This may be a re-
sult of metamorphism i.e. obliteration of zoning during recrystallisation. 
However, in general 9 the extent of chemical variation increases when com-
parison is made between the analyses from different grains in the same 
sample, different samples from the same location9 samples from different 
locations in the same area, and, finally, between samples from the two areas. 
b) The C site occupancy of fahlores from both areas is dominantly 
As; therefore they are called tennantite hereafter. However, there are 
important differences between the Polusagi and Canakci tennantites. The 
Polusagi tennantites contain extremely small amounts of Te and Bi 9 nearly 
always zero or less than a combined 0.4% of the C site occupancy, and 
As constitutes between ~%and 90% of the C site occupancy, the rest 
being Sb. On the other hand, the Canakci tennantites are nearly the 
pure As-end member of the solid solutions in the fahlore group; As 
comprising consistently well over 90% of the C site occupancy. Further-
more, the rest of the C site on average is equally ocr.upied by Te+Bi and 
Sb. The variation in As as opposed to Sb (and+Te+Bi, in the case of Can-
akci), is shown in Fig. 7.1., which also clearly demonstrates the strong 
negative correlation due to the substitution of Sb (and Te and Bi) for 
As in the basic tennantite formula. 
c) The Zn and Fe , as expected, show a negative correlation in all 
tennantites. But the Polusagi tennantites have a much £reater range of Fe 
and Zn contents and the B site occupancy is up to 0.75 atoms in excess of 
that required, see Fig. 7.2. This excess is positively correlated with 
the deficiency of Cu in the A site; therefore, it follows that some of the 
Zn and Fe present in the PoluHagi tennantites must be in the A site. On 
the other hand, the Canakci tennantites have a limited range of Zn and Fe 
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contents and the occupancy of the B site is generally not complete (Fig.7.2). 
With similar reasoning it can be shown that some Cu may be present in the 
B site but this is comparatively insignificant. That Cu may be present in 
the B site of the tetrahedrite-tennantite series is also suggested by 
Charlat and Levy ( 1974). 
d) The B site in the tennantites from both areas is dominated by 
Zn. On the basis of B site occupancy the tetrahedrite-tennantite series 
is defined here (Fig.7.3) as either Zn-rich or Fe-rich. It is clear from 
Fig.7.'-r that all tennantites plot into the Zn-rich field, and all can be 
labelled as Zn-rich tennantites. But there are syste~atic differences 
between tennantites from the two areas. The Canakci tennantites have 
higher Zn/Fe ratios (atomic) 9 most being) 10, while the Zn/Fe ratio for 
most of the tennantites from Polusagi is less than 10. Nevertheless, the 
ratio in tennant.ites from both areas may reach values around 100. 
d) The various substitutions involving As,Sb,Tc and Bi in the C 
site and Cu, Zn, Fe in the A and B sites are not independent. In Fig.7.1.r. 
As occupancy of the C site and Zn occupancy of the B site (in percentages) 
areplotted. It shows that there is a certain degree of positive correlation 
between the two which becomes stronger if the analyses from 1 single 
grain is ignored. Similar conclusions, that such different substitutions 
are not independent, have been reached by other workers. Yui (19!1) and 
Wu and Petersen (1977) have observed a positive correlation between Ag and 
Sb i.e. higher Ag contents in tetrahedritesj which may help to explain the 
poor silver content of the Polusagi and Canakci tennantites. Charlat and 
Levy (197'-r) found an affinity of Cu for As and Fe, and of Ag for Sb and Zn 
in the tetrahedrite-tennantite series. 
In conclusion, the Polusagi tennantites can be represented by an ideal 
formula, (Cu,Zn,Fe) 0 (Zn,Fe) (As,Sb) S , and they are Zn rich members 1 2 '-r 13 
of the simple tetrahedrite-tennantite solid solution series. On the other 
hand, the Canakci tennantites can be represented by an ideal formula, 
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Cu10 (Zn,Fe) 2 (As 9 Sb 9 Te,Bi)~ s13 and they are mostly near Zn and As rich 
end-members of the complex tetrahedrite-tennantite-goldfieldite-annivite 
solid solution series with approximate proportions of the end members 
J 92 : J : 2 respectively. 
Shikazono and Kouda ( 1979) who studied the chemical composition of 
tetrahedrite-tennantite minerals in relation to the chemical environment 
of some Japanese ore deposits 9 state that there are systematic variations 
in the chemistry of the elements Cu 9 Ag 9 Zn9 Fe 9 Sb and As in different 
types of ore deposits. They consider that the Zn/Fe ratio is largely de-
pendent on oxygen fugacity as well as pH and S activity and "has a max-
imum value at the boundary between the predominance field of oxidised 
sulphur species and that of reduced sulphur species at constant other 
variables". The high Zn/Fe ratios of the Polusagi and Canakci tennantites, 
therefore, would agree with and provide further support to th~ir form-
ation on the sea-floor where "reduced" hydorthermal solutions mixed with the 
"oxidised" sea water. 
7.4.2.). Oxides 
7.4.2.3.1 Magnetite 
Magnetite is the only spinel found in association with the Polusagi 
massive sulphide mineralisation and confined to it. It occurs in trace 
amounts in sphalerite-rich bands as tiny, round and sometimes euhedral 
grains, sizes being no more than 6-7 microns in,diameter. It is not very 
easy to spot due to its very fine-and scattered nature, but under oil the 
colour contrast and the higher reflectance against sphalerite become app-
arent (Plate 7.24). The relative abundance increases towards the upper 
levels of the massive sulphides where it is sometimes accompanied by hema-
tite. 
Despite the very small grain sizes, two magnetite grains were analysed 
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by the microprobe and the analyses are close to the magnetite endomember 
composition of the spinels (Appendix IV.3.10). The high Zn contents (3-4%) 
are thought to be due to contamination from the surrounding sphalerite. 
?.4.2.3.2. Hematite and Mn-oxides 
In the Polusagi mineralisation,hematite, as a primary phase 9 occurs 
in trace amounts in the upper levels of the stockwork mineralisation from 
where its abundance increases upward through the massive sulphides, but 
still in trace quantities, and finally becomes one of the major phases 
comprising the Fe-Mn rich cherty chemical precipitates overlying the mas-
sive sulphides as well as occurring as separate discret~ or continuous hor-
izons. In the massive sulphides it is found sometimes together with mag-
netite within sphalerite or chalcopyrite as euhedral or subhedral plates 
and laths, up to sizes 60 microns long (Plates7.24 9 7.25). In the Fe-Mn-
rich cherts. it is very fine grained, mostly in sub-micron scale, sometimes 
showing a handed alignment (Plates 7.26, 7.27m 7.28). It is in the cherty 
sediments that the Mn-oxides with extremely small grain sizes are pres-
ent, as indicated by up to 23% MnO content. 
In the Canakci massive sulphides 9 both hematite and Mn-oxides are 
presUIIIed to be present in the rare red-cherty fragments, in analogy to those 
from Polusagi. 
Well crystalline hematite, in the form of sheaves, up to 1 mm long, 
were found in a thin quartz vein (<0.5 m) in Polusagi 9 with no apparent 
spacial relation to either the Fe-Mn rich sediments or the sulphide min-
eralisation. 
7.4.2.3.3. Chromite 
This spinel is found only within:the serpentinite in Canakci 9 in pod-
like or fragmentary small bodies of chromitite (Chapter two). Microscopically, 
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it is massive and the grains are subhedral 9 reaching sizes a few mm in diameter. 
8 spot analyses of cores and margins on Lt relatively coarse grains 
(Appendix lV. 3. 11) show that they are chemically uniform and the average 
composition is as follows : Cr20 3 = 59.17%, MgO = 13.69%, FeO = 12.37% , 
Fe20 3 = 3.18%, MnO = 0.79%9 Si02 = 0.17%, Ti02 = 0.13%, Ni = 0.13%, V = 0.07%, 
and the total = 100.52%. The Fe3+ content was calculated by assuming per-
feet stochiometry i.e. 0 = 4.000. On the basis of Lt oxygen in the spinel 
structure, the atomic proportions are calculated (Appendix IV.3.11) and 
\ 
ignoring minor Si, Ti, Ni and V9 the average formula is : 
Therefore, it is (sensu stricto) an aluminian-chromite 9 according the 
R3+ site occupancy and a magnesio-chromite, according the R2+ site occup-
ancy. 
High chromium content and massive nature of the chromite are indica-
tive of a dunite host lithology (Dick,l977). The 100 x Cr/Cr+Al ratio is 
high 9 average= 78. According to Irvine (1967) and Coleman (1977,Fig.9.) 9 
this ratio should indicate a stratiform chromite deposit as parental to the 
fragmentary massive chromite blocks of Canakci 9 since it is) 58. The above 
ratio, the 100 x Mg/Mg+Fe2+ ratio (average = 66) and the composition in 
general fall into the compositional fields of those chromites from the 
Troodos complex (Greenbaum, 1977), V.avdos complex, Greece (Christodoulou, 
1980), and ·the Alpine type deposits in general (Irvine and Findlay,l972). 
7.4.2.4. Native metals 
7.4.2.4.1 Gold 
It is found only within the matrix minerals, tennantite and bornite, 
in the Canakci massive sulphides. It occurs in trace amounts and is the 
least abundant identified ore mineral. The denser yellow colour and higher 
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reflectance help to distinguish it from chalcopyrite. It shows a strong 
anumalous anisotropy from greyish-white to a brown tinted yellowish colour. 
The grains are generally extremely small 9 in the order of few microns 9 and 
irregularly shaped. A relatively large grain9 50 microns long and up to 3 
microns wide occurring in tennanti te is sho'm in Plate 7. 35. 
3 spot analyses of the grain in Plate 7.35 were carried out (Appendix 
IV.3.12) which gave the following average composition : Au = 51.42% ,, 
Cu = 23.76o/o, Ag = 6.00o/o9 Zn = 3.55%, Fe O.(Oo/o, Bi = 0.14%, and S = 16.53%. 
Total = 102.10%. Pt was not detected. Due to the very narrow width of the 
analysed grain, being almost the same as that of the microprobe electron 
beam, there was contamination from tennantite during analyses. If Cu and 
Ag are excluded from the average composition, the elements in the rest of 
the analyses have atomic proportions crudely approximating to those of 
tennantite. Thus it seems that the 'gold' is not rich in Cu but contains 
some Ag 9 probably around 10%, since the tennantites are very poor in Ag. 
?.4.3 Secondary ore minerals 
7.4.3.1 Sulphides 
7.4.3.1.1 Idaite 
7.4.3.1.1.1 Introduction 
Although present in the massive sulphide ores of both areas, idaite is 
very rare in Polusagi, only found in a few isolated small grains in sphaler-
ite and in inclusions within pyrite, whereas in Canakci it is more common and 
occurs as one of the important sulphide phases in a few samples. The form 
and associated minerals, however, are identical : always found as intimate 
and extremely fine, orientated, lamellar intergrowths with chalcopyrite 
(l'Jate ?.JG) and i:-; as:--;ociatetl with bornite and covellite. The size of the 
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individual idaite and chalcopyrite phases in the intergrowth is in the order 
of no more than a few microns 9 but usually smaller. In some cases, the chal-
copyrite may occur as slightly coarser spindles in the in~ergrowth or may form 
chalcopyrite enriched areas. The proportion of each phase in the fine inter-
gro~~h judging by optical means seems roughly of equal amounts. In certain 
grains bornite may occur next to the intergrowth and the textural relations 
suggest that the chalcopyrite-idaite intergrowth may be a decomposition pro-
duct of bornite. This is supported by the fact that the idaite-rich samples 
have relatively little bornite in Canakci and that idaite abundance is pro-
portional to that of bornite in the ore deposits of each area. Covellite, 
as a much later phase, occurs along cracks, penetrating through bornite as 
well as the intergrowth in much the same way, described by Ramdohr (1980) 
as the "crack-disease" in idaite. 
Optically, the colour of idai te is similar to that of bornite, but there 
is a certain amount of bireflectance with shadesaforange-brown and more red-
dish brown colours. Like bornite, it tarnishes to darker colours. The most 
spectacular optical property is its extreme anisotropy : whitish with green-
ish tint which easily distinguishes it from bornite. These properties are 
similar to those described by Uytenbogaardt and Burke(l971) and Ramdohr (1980) 9 
except the bireflectance9 these authors indicate it to be much stronger. 
This may be due to the difficulty of observing it in such fine intergrowth 
with chalcopyrite. 
The general associated minerals and the mode of occurrence of the id-
aite is very similar to other occurrences reported elsewhere (e.g. Krause, 
1965; Sillitoe and Clark 9 1969; Constantinoul975) and to a specimen kept in 
the collection at Durham University, from Ida mine, S.W. Africa, where id-
anite was first described by Frenzel (1959). 
7.11.3.1.1.2. Chemistry 
Chemical composition of idaite has been a much discussed controversy. 
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Frenzel (1959), in his original description of idaite, was unable to ob-
tain pure material for chemical or x-ray analysis but, on the basis of 
its similarities to a synthetic material, considered the formula to be 
Cu Fe s 6 • Frenzel and Ottemann(l%7) analysed a coarse grained "idaite-like" 5 
mineral from Fiji, and agreed with the above formula, which is also given 
to be correct by Ramdohr (1980). On the other hand, Levy (1966) proposed 
that the correct formula was Cu Fes,. 4 This was supported by the analyses J '± 
carried out by Sillitoe and Clark (1969) on some idaites from Chile, who 
stated that the Chilean idaite was "quite distinct" in nature from that 
originally described by Frenzel (1959). They proposed it to be a new 
phase. More recently, idaite was described and analysed from the Skour-
iotissa massive sulphide ore body by Constantinou (1975) who showed the 
formula to be very close to Cu
3
Fe s4 .0ttemann and Frenzel (1971), on the 
basis of 11 prube analyses of idaite from different localities, concluded 
that idai te showed chemical compositions from Cu
3
Fe s
4 
to Cu
5 
Fe s 6 • 
Recently, an attempt to clarify the controversy over idaite was made by 
Rice et al (1979). These authors drew attention to the fact that there 
seems to be at least two distinct phases currently referred to as idaite, 
phase I is the "idaite" described by Levy (1966) with.a formula CuJ Fe s 4 , 
and Phase II is the "idaite" from Fiji and Chile, with a formula Cu
5
Fe s6 -, 
and proposed the name "nukundami.te for the Fijian "idaite" to distinguish 
it from the "idai te 11 of Ida mine. 
Microprobe analysis of the Polusagi or Canakci idaite9 as an indiv-
idual phase, proved to be practically impossible since it forms too fine 
intergrowths with chalcopyrite to be adequately resolved by the electron 
beam. However, by diffusing the beam into several orders of magnitude of 
the focussed Leam, 3 analyses from Polusagi and 21 analyses from Canakci 
were carried out for Fe 9 Cu and S in relatively uniform looking areas of 
the intergrowth. This way, representative combined compositions of chal-
copyrite and idaite intergrowth were achieved and the results are presented 
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in Appendix IV.3.13. The analyses are remarkably consistent and the aver-
age composite compositions from Polusagi and Canakci are very similar. The 
averages are : Fe = 15.97%. Cu = 50.05% and S = 33.13% (total = 99.16%)for 
Polusagi, and Fe = 15.66%. Cu = 50.04% and S = 33.81% (total 99.51%) for 
Canakci. 
If the formula cu
3
Fe s
4 
is assumed for idaite 9 a mixture of idaite 
and chalcopyrite with a respective proportion 9:1 would produce a calculated 
composite composition very close to the analysed composite composition. 
On the other hand9 an equally close agreement between the calculated and 
analysed composite compositions is achieved by assuming an approximate 1 1 
proportion for the idaite and chalcopyrite and the chemical formula, Cu
5 
Fe s6 for idaite. Since on the basis of optical obserVations crudely 
equal amounts of idaite and chalcopyrite appear to be present in the inter-
growth, it is suggested that the formula Cu
5
Fe s6 is more likely to be 
correct for the idaites from Polusagi and Canakci. This would mean that 
these idaites, according to Rice et al's (1979) proposal, are "idaite", 
sensu stricto, and not "nukundamite". 
Idaite in general is considered to be a supergene product of de-
composing bornite. This view is supported by the relations of idaite with 
bornite from the presently described areas. Frenzel (1959) suggested a 
supergene origin f6r idai te through the oxidation of bornite by chlorite-
r~ch ground-water under acid conditions and pointed out that the action 
of inorganic acids on bornite produced idaite and chalcopyrite. It was 
Sillitoe and Clark (1969) who emphasised the importance of ferric sul-
phate-bearing solutions in the oxidised zone above the water table for 
the formation of idaite by the oxidation of bornite in the Copiapo dis-
trict of northern Chile. Ugarte and Burkin (1975) studied the nature of 
reaction of synthetic bornite with ferric sulphate solutions and reported 
that at low temperatures (N 40°C) idai te formed by the leaching of Cu out 
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of bornite. Constanti~ou. (1975) considers that the Skouriotisso idaite 
was formed during oxidative leaching of chalcopyrite by descending ferric 
sulphate bearing acid solutions 0 produced during the submarine oxidation of 
pyrite. In analogy to the above summarised proposals 9 it is probable that 
the disintegration of bornite into idaite and chalcopyrite and subsequently 
all phases to covellite is a result of highly oxidised and acid condit-
ions following the formation of the massive sulphides on the Tethyan sea-
floor. 
?.4.3.1.2. Covellite 
This cu-sulphide occurs both in the Polusagi and the Canakci massive 
sulphides, forming after chalcopyrite. It follows that its occurrence is 
more common in the Polusagi sulphides where it is coarser9 and especially 
in locality 4 chalcopyrite is extensively replaced by it. In both areas 
it displays the characteristic and extremely strong reflection pleo-
chroism, bireflection and anistropy. The formation of covellite is clearly 
a low temperature, supergene process; in Polusagi 9 for i_nstance, it mostly 
occurs in association \vi th hematite formed by the oxidation of pyrite. 
?.4.3.1.3. Digenite 
Digenite, a grey-blue and isotropic Cu-sulphide, is commonly found in 
the Canakci massive ore, replacing bornite. It is not found in Polusagi. 
The replacement of bornite by digenite in the Canakci massive sulphides 
takes place along veins or cracks, and in many cases takes the form of a 
mosaic texture where nt~erous fine digenite veins cut across bornite,iso-
lating the bornite 1 islands 1 from one another (Plate 7 .37). The veins 
replacing bornite stop against pyrite grains and in most cases against 
tennantite, sphalerite and galena. It is thought that digenite is a 
higher temperature secondary sulphide phase as opposed to covellite. 
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7.4.3.2 Miscellaneous minerals 
?.4.3.2.1 Hematite and goethite 
As low temperature secondary minerals 9 hematite and geothite form 
after pyrite in the oxidised sulphide outcrops in both areas. Hematite is 
also occasionally found as crystalline sheaves (<5 mm) in lavas in Polusagi. 
and in agglomerates in Canakci. 
7.4.3.2.2 Cuprite, native copper and malachite 
The combination of these three copper phases was found in an oxidised 
thin vein in Polusagi, away from the mineralised areas. However, mala-
chite is a common supergene mineral occurring in small quantities scatter-
ed over a few restricted areas in the pillow lavas an~ lavas in Polusagi 
and in the calc-schists and 'red' schists in Canakci. In the latter area, 
its occurrence follows the stratigraphic horizon containing the pyritic 
mineralisation. It is here that some azurite was also identified. 
7.5 Some further considerations of the ore mineralisation. 
Bethke and Barton (1971) carried out experimental studies on the dis-
tribution of Cd amd Mn between coexisting sphalerite and galena in the temp-
0 0 
erature range 600-800 C and of Se at 395-595 C. They state that the part-
itioning of these minor elements between sphalerite and galena is basically 
a function of temperature and can be used to estimate temperature of form-
ation. Urabe(l977) applied this phenomenon with some success in certain 
Japanese epithermal Pb-Zn vein type deposits. Bezmen et al ( 1978) experi-
mentally determined the Co dist,ribution between coexisting pyrite and chal~ 
0 
copyrite at 300-500 C and used the distribution coefficients to estimate 
temperature of formation in some copper deposits in the U.S.S.R. 
In both deposits under study, a considerable number of coexisting 
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sphalerite and galena were analysed for Mn9 Cd and Se and coexisting py-
rite and sphalerite for Co. Application of the techniques developed by 
t11:..:! ~bov·e cit.ed \'iOrks indicated U!1..rea.listically h_igh temperature of form-
ation i'or both deposits (800-1000°C). This is probably a result of the 
n~bilisation of these minor elements in the considered sulphides during 
the metamorphism after the mineralisation. 
Temperatures of the hydrothermal solutions 1n the upper parts of a 
submarine geothermal system are constrained by the boiling points which 
depend on pressure. When the total vapour pressure of a hydrothermal 
solution exceeds the total confining pressure plus the strength of the 
rocks boiling takes place which leads to explosion breccia associated 
with the subsequent mineralisation. Therefore, the hydrostatic pressure, 
hence the depth of water 9 largely controls the boiling of hydrothermal 
solutions and the experimental curves relating boiling points of saline 
solutions to pressure can be used to put constraints on the depth of the 
water column above the sites of mineralisation on the sea-floor (see: 
Ridge, 1973,7~; Finlow-Bates and Large, 1978; Plimer, 1981). According 
to Ridge (1973), typical hydrothermal solutions (5-20%NaCl) with temp-
eratures at 220-230°C cannot reach a sea-floor on which the depth of 
water is( lOOm without subsurface boiling taking place. For example, 
solutions with temperatures ~300°C will reach the sea-floor in fluid 
state only if the depth of water is:>915m. Finlow-Bates and Large (1978) 
indicate limits at) HJOOm and) l700m for solutions (5%NaCl) with temp-
eratures 300°C and 330°C respectively to reach the sea-floor without 
boiling. They state that at shallow depths (~500m), typical solu-
tions would boil before reaching the sea-floor and the least soluble 
species (chalcopyrite) would precipitate in the stockwo:k zone as a re-
sult of temperature decreases, In deep water settings the solutions upon 
reaching the sea-floor in fluid state would precipitate the least soluble 
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species (e.g. chalcopyrite) within the stratiform ore and not in the 
stockwork. 
Neither of the t\vo studied deposits sho\-~ any evidence that boiling 
took place during the mineralisation. On the contrary the following 
points suggest that the hydrothermal solutions exhaled onto the sea-
floor in fluid state : 
a) The stockwork mineralisation is largely devoid of chal-
copyrite and sphalerite which with pyrite are the dominant constituents 
of the massive banded ores. 
b) There is no explosion breccia associated with the miner~l­
isation and the fine mineralogical banding is well preserved both in the 
massive sulphides and the Fe-Mn-oxide rich cherty sediments. 
Therefore the suggestion that the hydrothermal solutions at the 
Polusagi mineralisation reached the sea-floor in fluid state and prob-
ably at temperatures up to l~°C imply a water depth well above 1700m. 
Such an indicated sea-water depth above the sites of sulphide deposition 
at Polusagi is comparable with that estimated for sulphide deposits in 
Cyprus (2-J km; Plimer, 1981). The recent data from the 11 black-srookers11 
of the East Pacific Rise also support great water depths above sites of 
sulphide mineral deposition on the sea-floor. 
7.6 Summary of the model for sulphide formation 
The mineralisations at both areas are considered to have originated 
from a similar process of sulphide formation, therefore, the following 
model is summarised for both deposits. 
Following the submarine volcanic activity and the accumulation of 
extrusives on the Tethyan marginal basin floor, sea-watc.'r percolated 
through the volcanic pile along permeable zones such as fractures and 
faults. The magmatic heat initiated and set up a geothermal system within 
the marginal basin crust. The sea-water, now heated up to elevated 
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temperatures 9 interacted with the rocks leaching metals e.g. Cu 9 Fe, Zn 
and S from them. The solution at the lower parts of the geothermal system 
0 
re;:;_ched temperatures of up to 500 C. The discharge of the now hot~ metal 
rich and probably acid hydrothermal solutions took place along distinct 
channels, such as pre-existing faults, which are now represented by the 
stockwork mineralisation. During their ascent 9 the temperature of the 
solutions decreased probably due to adiabatic expansion which resulted with 
some Cu followed by Zn sulphide deposition at the upper levels of the 
feeder zones. However 9 the drastic temperature drop accompanied by rises 
in the pH and oxygen fugacity took place upon mixing with the cold and 
oxidising sea-water at the sea-water-rock interface and on the sea-floor. 
This led to the supersaturation of sulphide species r~sulting with the 
precipitation of the massive ores. The uneven mixing -with the sea-water 
provided a mechanism for fluctuations in temperature, pH and oxygen fug-
acity of the solutions which resulted with the banding in the massive 
sulphides. With further dilution the solutions 9 now cooler and largely 
devoid of metals like Zn and Cu and to a lesser extent Fe 9 became cool 
and oxidised9 precipitating Fe-Mn-oxide rich siliceous sediment over and 
away from the massive sulphides. 
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APPENDIX 1 
Sample collection and nomenclature 
All the samples are surface samples and collected by the writer from 
the fields during mapping. On average,l kg of material was taken at 
approximately 100-300 m intervals but more frequently around the sulphide 
mineralisation. 
The samples analysed for H20 and FeO (App.II),. whole rock composition 
(App.III) and silicate minerals (App.IV) are all from the Polusagi area 
and the sample locations are given on Map 3, included in.. the back-pOcket. 
Each sample number is prefixed "P" for Polusagi,. followed by the sample 
location number. Where more than one sample is collected from the same 
location, they were donated the letters A9B9 C etc., such as P279A and 
P279B. 
Numbering system for the electron microprobe analyses is as follows: 
sample number is accompanied by a number indicating the location on the 
polished sample. If there is more than 1 analyses from roughly the same 
location9 they are distinguished from one another by letters A9 B9 C,D etc. 
For example, P245-3D means analysis D on location 3 of the polished section 
of sample 245 from Polusagi. 
Electron microprobe analyses of ore minerals from the Canakci massive 
ore begin with the letter E, followed by two numbers, the first indicating 
the location of the sample in the ore body, and the second, number of the 
analysis from this sample. For example, El-6-lA means the analysis A of the 
position 1 on the polished specimen of the 6th sample from location 1 in the 
Canakci massive sulphide ore body. 
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APPENDIX II 
I.l H20 and FeO determinations 
Total H
2
0 was determined for 34 samples by a gravimetric metr.od 
similar to that described by Riley (1957)*. Water is driven off the 
sample by heating to ll00-1200°C and flushed by ll'l.i trogen through an abs-
orption tube filled with CaC1
2
• The tube is weighed before and after 
absorption. 
FeO was determined for the same samples using the Anunoniwn Meta-
vanadate method described by Wilson (1955)**. 
* 
The results are given in Table II.l. 
RIDLEY 9 J P. (1957). 
Simultaneous determinatio.n of water and carbondioxide in rocks and 
minerals. Analyst, 83 9 pp.l.~c2-49. 
** WILSON, A.D. (1955). 
A new method for the determination of ferrous iron in rocks and 
minerals. Bull. Geol. Soc. Great Britain, 1 9 pp.56-58. 
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TABLE !!.1 
FEO AND UATER DETERMINATIONS BY UET CHEMICAL METHODS 
SAMPLE UT % H20 FE203 FEO FE203/FEO 
--
P66 3. 31 6.97 5.40 1. 29 
P78 2.76 5.85 3.84 1.52 
P93 2.89 5.85 5.31 1.10 
P95 1. 62 5.57 3.79 1. 47 
P104 2.58 5.55 6.13 0.90 
P109 2.32 4.35 10.83 0.40 
p 112 3.06 2.54 9.08 0.28 
P118 0.88 4.25 8.30 0.51 
P123 2.34 7.27 4.67 1.56 
P124 1.52 4.49 6. 94 0.65 
Pt34 2.46 3.06 9.01 0.34 
P137 2.90 3.30 8.33 0.40 
P161 2.76 5.05 7.80 0.65 
P167 2.36 3.24 7.42 ·:>. 44 
P168 1.25 5.07 7.35 0.69 
P170B 2.77 3.33 9.26 0.36 
p 181 3.83 3.81 7.20 O.S3 
P185A 1. 53 4.21 9.32 0.45 
P188 2.27 3.75 6.09 0.62 
P191 3.46 3.03 6.15 0. 49 
P204 3.98 4.52 8.59 0.53 
P214 "3. 49 4.45 5.02 0.89 
P219 2.24 4.22 7.23 0. 58 
P226 3.53 4.24 6.80 0~62 
P238 2.03 3.92 7.35 0.53 
P243 2.08 2.69 8.83 J.30 
P251 3.21 5.05 6.56 0.76 
P253 2.79 4.39 7.78 0.5b 
P255 2.52 2.99 5.70 0.53 
P256 1.18 5.79 5.70 1.02 
P271 3.91 4.83 8.44 0.57 
P277 1.09 4.56 9.50 0.48 
P282 2.31 3.02 8.94 0.]4 
P286 3.33 4.30 7.67 0.56 
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APPENDIX III 
X-RAY FLUORESCENCE ANALYSES 
III.l Sample preparation and operating conditions. 
Samples were fragmented using a Cutrock Engineering hydraulic 
splitter and the weathered material was removed. Further splitting into 
fragments~ roughly lcm, was carried out with a Sturtevant 2" x 6" Roll 
Jaw Crusher. The crushed samples were then ground to a fine powder 
using a Tema Laboratory Disc Mill with a tungsten-carbide grinding bar-
rel. Grinding on average took around 1 minute. Between 50 and 150 gm 
of the powdered samples were pressed into briquettes using a hydraulic 
press operating at 6-7 tons/sq. inch. Between 6 and 10 drops of "Mowiol" 
were used as the binding agent. 
The analyses were performed using a Philips PW 1~ X-Ray Spec-
trometer incorporating a 3kw generator and allowing a maximum 100 kV. 
A Rhodium tube enabled both major and trace elements to be analysed sim-
ultaneously. The operating conditions for the analysed elements are 
given in Table IV.l. The data were calibrated using the international 
standards, GA, GH, GR, Gl, G2, GSP-1, AGV-1, Wl, PCC-1, BR~ SY-1~ DTS-1 
and BCR-1, the compositions of which were taken from Flanagan (1973)*. Data 
handing for the major elements was performed using a procedure described 
by Holland and Brindle (1966) **. Analytical count data for the trace ele-
ments were converted into concentrations (ppm) using the computer prog-
ranm1e TRATIO, written by R.C.O. Gill, which incorporates contamination 
and interference corrections. 
* FLANAGAN, F.G. ( 1973) 
1972 values for international geochemical reference standards. Geo-
chim. Cosmochim. Acta9 37 pp.ll89-1200. 
* * HOLLAND and BRINDLE ( 1966) • 
A self-consistent mass absorption correction for silicate analysis by 
X-ray fluorescence, Spectrochim. Acta., 22, pp.208J-209J. 
Na 
Mg 
A1 
Si 
p 
s 
K 
Ca 
Ti 
Nn 
Fe 
Ni 
Cu 
Zn 
Rb 
Sr 
y 
Zr 
Nb 
Ba 
La 
Ce 
(1) 
( 2) 
(3) 
c 
F 
1 
2 
3 
'~ 
5 
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Table III.1 
Operating conditions for PW 1~ X-ray spectrometer 
Kal 
Kal 
Kal 
Kal 
Kal 
Kal 
Kal 
Ka1 
Ka1 
Ka1 
Kal 
Kal 
Kal 
Kal 
Ka1 
Kal 
Kal 
Ka1 
Kal 
Ka1 
La1 
La.l 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
F 
c 
c 
c 
c 
c 
c 
c 
c 
F 
c 
c 
-C'J 
-
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
s 
s 
s 
s 
s 
s 
s 
s 
s 
F 
F 
coarse; 
flow; 
- LiF 220 
- LiF 220 
- PET 
- ThAP 
- Ge 
4. 
4. 
3 
3 
5 
3 
2 
2 
2 
1 
2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
F 
s 
75 30 35 
70 35 35 
75 30 35 
80 25 35 
70 30 70 
75 30 60 
70 30 35 
70 30 35 
75 30 35 
70 4.0 50 
70 35 35 
75 25 80 
70 3Q 80 
60 4.0 80 
60 4.0 90 
60 4.0 90 
60 4.0 90 
60 4.0 90 
60 4.0 90 
60 4.0 90 
70 30 35 
70 30 35 
fine. 
80 
80 
80 
80 
4.0 
50 
80 
80 
80 
60 
80 
35 
35 
35 
30 
30 
30 
30 
30 
30 
80 
80 
scintillometer 
55.165 
4.5. 220 
145.225 
109.230 
14.1.100 
75.890 
136 .8ro 
11).280 
86.275 
95-Ja::> 
57.635 
71.200 
65.575 
60.615 
37.990 
35.84.5 
JJ. 905 
32.095 
30.4.50 
15.575 
139.095 
111.84.0 
3.50 
2.4.0 
0.00 
0.00 
2.1i) 
1.20 
0.00 
0.00 
0.00 
2.00 
o.oo 
2.00 
1.00 
1.10 
1. 70 
1.00 
1.00 
0.90 
0.5() 
1.5() 
2.00 
2.00 
o.oo 
o.oo 
0.00 
0.00 
0.00 
o.oo 
0.00 
0.00 
o.oo 
0.00 
0.00 
1.50 
0.00 
1.30 
1.00 
1.00 
0.<;() 
1.a:> 
o.oo 
0.90 
2.00 
2.00 
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111.2 Results 
The analyses are presented in the following tables starting with 
"Table 111.2". They are all on water free basis and normalised to 
100%. 
The normative calculations (Group A rocks only), presented in the 
tables starting with "Table 111.3. 11 were performed using the programme 
NORMCAL, written by R.C.O. Gill, with a fixed Fe
2
0 3/FeO ratio of O.J. 
TABLE III.2.1A GROUP A BASALTS WHOLE ROCK ANALYSES 
P66 P93 P118 P140 P157 P183 P204 P210 P213 P214 P234 P252 
UEIGHT % 
5102 47.17 49.45 45.50 43.78 49.08 50.90 46.92 44.72 45.72 48.19 52.63 48.98 
AL203 12.93 13.57 14.48 14.87 15.56 13.07 15.36 15.77 13.82 13.32 n.92 ., 5. 28 
F£203 12.96 11.74 13.46 12.89 13.67 13.69 14.05 14.90 12. 71 10.02 10.92 12.37 
HGO 7.98 6.99 10.84 13.43 8.11 7.87 10.72 12.94 10.95 10.42 ~ •. 96 8.95 
CAD 13.96 11.43 9.86 10.68 7.15 8.42 7.29 6.61 11. 16 13.42 8.25 8.47 
NA20 3.28 4.51 3.18 2.07 3.60 4.00 3.29 2.56 3.23 2.63 :i. 01 4.30 
K20 0.16 0.06 0.61 0.51 0.10 0.00 0.08 0.00 0.34 0.84 0.05 0.00 
TI02 1.23 1.80 1.60 1. 34 2.10 1. 70 1.85 1. 90 1. 70 0.78 1 .80 1. 25 
11NO 0.19 0.24 0.23 0.22 0.23 0.18 0.20 0.33 0.18 0.29 0. 1 B 0.19 
s 0.01 0.01 0.05 0.03 0.02 0.01 0.03 0.07 0.01 0.01 C1 • 02 0.00 
P205 0.13 0.20 0.18 0.19 0.38 0.17 0.21 0.20 0.20 0.09 0.27 0. 21 
PPM I w 
a--
0' 
NB 7 9 9 8 13 8 8 10 "7 3 14 8 I 
' 
ZR 73 134 105 85 211 107 127 120 103 56 20() 125 
y 31 45 40 29 70 38 43 42 34 21 49 39 
SR 71 81 152 196 339 11 9 149 173 84 153 78 59 
LA 9 9 11 7 19 9 12 10 9 B 12 4 
CE 24 31 26 15 39 23 22 25 21 18 ~3() 1 7 
RB 3 4 8 8 3 2 3 3 9 17 ' 2 ·..J 
BA 63 76 210 72 80 64 139 197 95 143 ,S6 35 
ZN 62 72 83 152 151 75 103 352 83 54 77 20 
cu 75 58 37 59 9 53 22 41 9 52 53 6 
NI '30 26 39 92 13 15 17 27 8 213 B 58 
CR 51 64 93 265 48 37 50 72 26 454 31) 227 
TABLE Ill.2.1A GROUP A BASALTS UHOLE ROCK ANALYSES - CONT~D 
P253 P271 P276 P280 P282 P286 P287 
IJEIGHT I 
5102 50.54 47.91 52.34 50.24 48.37 48.43 50.75 
AL203 14.24 13.48 13.38 13.36 13.35 14.55 1 4. 1 ., 
FE203 13.03 14.20 1 2. 13 13.05 12.94 12.81 1 2. 1 4 
MGO 7.89 9.36 7.09 8.28 10.85 9.26 !3.?0 
CAO 7.86 9. 12 8.39 9.58 9.85 9.40 7.68 
NA20 4.17 3.41 4.57 3.42 2.67 3.84 4.28 
K20 0.00 0.14 0.06 0.09 0.28 0.00 0.06 
TI02 1.80 1. 81 1.56 1.50 1.33 1.25 1.85 
11NO 0.21 0.21 0.16 0. 16 0.20 0.22 0.14 
s 0.01 0.01 0.00 0.02 0.05 o.oo 0.00 
P205 0.25 0.36 0. 31 0.30 0.12 0.22 0.29 
PPM I 
w 
0' 
NB 10 13 10 10 1:: 9 12 -..J J I 
ZR 149 183 161 146 62 t 12 169 
y 44 63 53 46 24 37 48 
SR 38 224 159 242 160 92 165 
LA 9 11 11 9 4 11 ., 5 
CE 32 , ... <..J 28 23 13 21 23 
RB 2 4 2 2 "' 2 2 ,J 
BA 42 82 62 82 71 38 so 
ZN 15 24 18 11 65 49 12 
cu 0 2 4 99 61 4 0 
NI 9 20 15 30 125 55 6 
CR 39 42 49 103 324 203 17 
TABLE III.2.1B GROUP A ANDESITES WHOLE ROCK ANALYSES 
P73 P78 PBO P82 PlOt P104 P117 P133 p·r34 P137 F'1 42 PI 54 
UEIGHT % 
5102 56.85 58.17 57.35 60.49 56.08 54.49 55.06 61 .07 51.22 55.44 50.43 55.01 
AL203 16.58 13.09 16.42 15.76 1 '5. 1 6 15. 16 1 6. 55 16.04 17.10 16.0'5 18.78 14.76 
FE203 10.84 1 0. 11 8.85 8.60 1 t • t 0 12.35 1 0. 81 9.47 13.06 12.55 12.53 10.95 
MGO 5.65 3.10 4.35 4.24 4.53 5.36 6. 79 3.46 10.51 5.86 11.21 7.04 
CAO 2.54 8.34 4.09 2.54 5.69 5.43 3.42 2.18 2.25 3.56 1. 23 5.91 
NA20 5.08 4.78 6.24 5.44 4.88 4.97 4.76 6.12 3.01 3.99 3 .. 42 4. 11 
K20 0.00 0.00 0.17 0.46 0.36 0.13 0.14 0.03 0.00 0.04 0.02 0. 11 
TI02 1. 76 1. 89 1. 86 1. 81 1.45 1. 50 0.91 1.08 1. 80 1.66 1 • 71 1.54 
11NO 0.15 0. 13 0.18 0. 14 0.28 0.21 0.15 0.21 0.30 0.24 0.26 0.19 
s 0.07 0.01 0.00 0.00 0.01 0.02 0.06 0.00 0.02 0.02 0. 01 0.01 
P205 0.49 0.39 0.50 0.51 0.47 0.38 0.34 0.34 0.73 0.60 0.39 0.36 
PPM I 
w 
(j\ 
NB 21 19 21 22 21 17 20 24 19 19 17 19 (X) I 
ZR 359 277 334 313 314 282 324 372 258 305 241 298 
y 90 70 80 88 100 72 80 90 80 81 70 74 
SR 96 31 99 87 136 46 1 1 1 166 103 270 21 1 66 
LA 26 16 1 9 19 24 13 16 21 24 27 11 1 5 
CE 65 45 44 so 46 33 52 50 50 53 15 36 
RB 2 2 3 5 6 3 4 2 2 3 ~, <. 3 
BA 468 81 108 173 128 60 99 58 46 137 30 84 
ZN 179 80 133 1 31 186 104 11 2 370 383 165 ..,..,.., 92 L.l.:.. 
cu 14 3 10 23 24 26 65 3 88 18 0 23 
NI 0 8 11 1 1 0 1 14 1 0 1 3 9 
CR 12 7 14 8 8 22 30 10 13 16 26 36 
TABLE IIL2.1B GROUP A ANDESITES WHOLE ROCK ANALYSES - CONT'D 
P159 P170B P181 P191 P195 P202 P205 P206 P224 P226 P:238 P243 
WEIGHT % 
SI02 52.36 51.64 52.74 56.93 55.77 52.26 61.69 54.82 57.30 53.51 53,. 60 52.50 
AL203 18.03 17.37 15.55 17.84 16.24 15.43 14.39 15.50 14.54 16.54 14.04 15.47 
FE203 11. 02 13.61 11.80 9.86 10.01 12.62 8.55 11 .25 12.03 11.79 12.08 12.49 
MGO 12.02 8.50 7.55 6.52 6.99 8.90 3.50 6.02 6.05 7.24 ,5. ?7 8.14 
CAO 1. 26 2.56 5.97 1. 47 3.77 4.23 4.41 4.64 3.23 3.61 6.01 4.65 
NA20 3.00 3.39 3.77 4.83 5.08 4.01 5.43 5.15 4.59 4.26 5.50 3.99 
K20 0.00 0.46 0.71 0.21 0.02 0.03 0.10 0.29 0.01 0.63 0.07 0.56 
TI02 1.60 1.80 1. 34 1. 66 1.46 1. 95 1. 48 1.65 1. 71 1. 64 1. 47 1.43 
HNO 0.29 0.25 0.17 (} . 1 2 0.22 0.17 0. 11 0.18 0.09 0.20 0.23 0.25 
s 0.05 0.01 0.07 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.1 0 
P205 0.38 0.41 0.32 0.56 0.44 0.40 0.33 0.41 0.46 0.58 0.23 0.42 
PPH 
I 
UJ 
0\ HB 16 15 20 25 23 "17 21 16 13 23 1 4 17 \.0 I ZR 247 246 270 387 364 261 355 251 221 355 241 251 
y 58 63 62 89 79 68 67 68 67 85 63 70 
SR 45 80 388 116 152 220 46 69 94 193 87 1 21 
LA 15 16 21 23 18 22 21 16 10 21 p . .J 19 
CE 30 34 43 54 49 36 46 38 31 52 36 33 
RB 1 7 7 4 2 2 3 4 2 6 .. 5 ;:. 
BA 37 67 292 93 93 64 50 86 39 310 40 217 
ZN 310 115 90 107 50 72 90 107 20 123 82 11 7 
cu 7 3 36 3 4 22 5 8 0 22 4 17 
NI .., 7 19 0 7 1 3 7 0 1 12 3 I 
CR 53 36 71 12 30 22 22 37 15 r 42 20 
"' 
TABLE 111.2.18 GROUP A ANDESITES WHOLE ROCK ANALYSES- CONT'D 
P245 P248 P250 P251 P256 P257 P263B P289 
UEIGHT I 
5!02 55.01 53.40 56.40 52.09 52.91 50.76 51 • 40 55.84 
AL203 15.81 14.44 15.36 15.83 14.59 16.50 17.34 15.14 
FE203 10.78 11 • 94 10.61 12.29 12.13 12.82 12.44 11 • 31 
MGO 7.46 7.49 7.40 10.07 6.23 9.75 10.67 6.56 
CAO 4.44 5.45 3.48 2.86 5.88 4.16 1. 99 3.80 
NA20 4.51 5. 16 4.31 4.00 5.72 3.64 3.70 5.25 
K20 0.20 0.02 0.00 o.oo 0.00 0.00 0.02 0.00 
TI02 1.14 1. 50 1.63 2.11 1.86 1.55 1.52 1 .40 
I'! NO 0.33 0.19 0. 1 8 0.26 0.17 0.37 0.41 0.26 
s 0.00 0.00 0.01 0.01 0.00 0.02 0.17 0.00 
P205 0.32 0.40 0.62 0.48 0.51 0.42 0.36 0.44 
PPM I 
w 
-....! 
NB 19 15 16 17 "16 16 17 19 0 I 
ZR 336 220 235 257 233 236 286 298 
y 74 66 73 70 68 62 66 77 
SR 116 137 40 52 179 229 35 97 
LA 17 16 15 15 14 18 19 21 
CE 38 38 46 39 37 37 43 39 
RB 2 1 1 2 1 1 2 2 
BA 68 37 30 33 33 25 35 39 
ZN 141 20 113 206 5 142 504 332 
cu 5 5 2 62 3 583 511 12 
Nl 18 15 0 0 0 19 12 6 
CR 65 57 8 17 20 71 1 01 26 
TABLE III.2.1C GROUP A DACITES WHOLE ROCK ANALYSES 
P65 P71 P144 P218 P223 
IJEIGHT % 
5102 69.91 66.53 64.30 64.27 73.19 
AL203 13.06 15.30 16.31 15.12 11 .95 
FE203 5.91 7.07 8.54 8.74 5.37 
MGO 0.67 1. 50 2.35 ") "7"1 0.90 ~ • I I. 
CAO 3.47 1. 20 1. 30 2. 11 2.77 
NA20 5.47 7.34 5.98 5.89 5.44 
K20 0.82 0.06 0.16 0.03 0.00 
TI02 0.52 0.68 0.74 0.74 0.30 
HNO 0.06 0.16 0.14 0.10 0.04 
s 0.00 0.00 0.02 0.00 0.00 
P205 0.10 0.16 0.17 0.28 0.04 
PPM I 
w 
-....J 
NB 31 32 34 ,,., 35 """" ~I I 
ZR 599 552 627 452 624 
y 116 112 111 89 99 
SR 78 52 132 1 51 275 
LA 28 32 32 27 31 
Cf 62 65 65 49 58 
RB B 2 4 2 .I 
BA 128 ~0 162 40 19 
ZN 83 164 397 13 0 
cu 1 26 2 246 237 
NI 0 0 1 0 0 
CR 31 s 8 8 3 
TABLE III.2.1D GROUP A GABBROS WHOLE ROCK ANALYSES 
P239 P246 P255 P258 P272 P277 P279B 
IJEIGHT I 
SI02 49.98 48.19 50.48 50.89 49.58 47.97 49.26 
AL203 16.51 14. 14 16.05 18.91 15.26 13.65 16.48 
FE203 10.30 9.99 9.32 8.37 12.98 15. 10 8. 12 
I'IGO 10.81 14.77 10.77 7.19 7.92 6.98 '13. 20 
CAO 8.51 9.76 8.38 8.40 7.87 8.99 10.59 
NA20 3.07 1.56 3.22 3.35 3.03 3.76 1. 52 
K20 0.67 0.68 0.63 1.83 0.72 0.39 1.19 
TI02 0.86 0.63 0.84 0.74 1. 96 2.63 0.44 
HNO 0.16 0.16 0.15 0.21 0.21 0.22 0.15 
s 0.00 0.01 0.00 0.01 0.10 0.00 0.00 
P205 0. 13 0.11 0.16 0. 11 0.37 0.30 0.04 
PPM I 
w 
-....J 
NB 4 3 15 9 3 N 4 4 I 
ZR 74 54 72 63 111 157 19 
y 25 22 23 22 46 51 16 
SR 276 228 292 361 144 137 222 
LA 10 7 9 7 11 6 
CE 17 16 22 12 24 26 14 
RB 10 11 9 22 9 5 14 
BA 115 175 140 329 215 113 208 
ZN 57 50 41 45 85 33 39 
cu 9 21 16 30 52 9 106 
NI 120 240 102 36 30 20 202 
CR 185 391 180 77 60 48 492 
TABLE III.2.1E GROUP A PLAGIOGRANITES UHOLE ROCK ANALYSES 
P254 P264A P264B P270 P274 
YEIGHT % 
5102 61.78 59.13 61.30 69.61 68.48 
AL203 15.30 17.79 16.40 15.05 15.44 
FE203 6.99 10.67 9.00 5.65 5.73 
HGO 1. 86 2.51 2.02 0.83 0.99 
CAO 4.93 1.10 2.89 0.64 0.66 
NA20 7.96 7.56 7.38 7.70 8.03 
K20 0.02 0.00 0.00 0.01 0.05 
TI02 0.74 0.72 0.72 0.38 0.46 
HNO 0. 11 0.05 0.04 0.02 0.03 
s 0.00 0.01 0.00 0.00 0.01 
P205 0.33 0.47 0.25 0.10 0. 11 
PPM I 
w 
'-l 
NB 26 32 32 33 33 w I 
ZR 472 461 454 596 493 
y 82 1 21 115 107 107 
SR 320 34 250 55 59 
LA 21 39 30 32 24 
CE 40 76 65 69 48 
RB 1 2 1 2 1 
BA 29 42 33 47 45 
ZN 1 0 0 0 0 
cu 1 2 11 0 5 
NI 0 2 1 2 0 
CR 9 10 5 4 6 
TABLE III.2.2A GROUP B BASALTS UHOLE ROCK ANALYSES 
P67 PBS P95 p 119 P120 P'l21 P123 P124 P126 P161 P167 P168 
UEIGHT % 
SI02 51.81 44.13 55.23 54.27 44.07 45.23 49.34 49.12 46.77 45.73 51 • 82 49.58 
Al203 12.24 10.63 11 • 35 11. 13 9.67 11.28 14.77 1 5. 13 11 • 1 2 14. 17 17.1:2 14.?2 
H203 13.81 13.99 9.78 9.73 1 1 • 46 12.42 12.45 1 2. 19 13.18 13.71 11 .48 13.23 
HGO 4.76 6.01 5.27 4.59 7.01 7.74 5.21 8.24 2.66 10.35 10.11 7.91 
CAO 12.72 17.91 16.50 18.56 21 • 93 18.27 12.33 9.46 21.67 11 • 03 3.08 7.44 
NA20 2.64 4.35 0.26 0.05 3.48 2.74 3.96 4.20 2.71 2.85 3.86 2.86 
K20 0.00 0.24 0.00 0.00 l. 11 1.00 0.00 0.05 0.00 0.68 0.2:2 1.70 
TI02 1. 73 2.23 1. 23 t. 30 0.88 0.98 1.43 1.13 1. 34 0.97 1.53 1. 90 
HNO 0.10 0.31 0.17 0. 17 0.19 0. 17 0.12 0.18 0.26 0.21 0.34 0.19 
s 0.01 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.02 0.09 0.0! 0.01 
P205 0.18 0.19 0.20 0. 18 0.18 0.16 0.37 0.29 0.25 0.21 0.43 0.46 I w 
-...! 
.!>-
PPH I 
tf8 8 9 12 12 9 10 25 14 14 9 14 24 
ZR 117 120 83 84 33 60 127 99 83 73 216 1 so 
y 39 45 29 27 17 23 39 33 28 29 62 48 
SR 19 98 37 .,. 146 230 56 64 48 176 137 276 "-• 
LA 9 13 15 1 4 16 16 57 24 24 18 12 37 
CE 19 32 31 35 29 28 99 42 51 32 ?"' •. I 64 
RB 3 IC' 1 ., 20 23 2 3 2 6 4 18 .J "-
BA 42 70 43 49 196 174 70 68 50 860 73 658 
ZN 175 95 49 43 32 47 99 53 58 71C' I .J 161 93 
cu 8 89 78 24 20 79 a 86 44 88 1 47 
NI 15 4 37 35 71C' I .J 60 0.0 27 28 25 8 2'5 
CR 65 20 110 26 250 11 3 15 63 15 31 45 60 
TABLE Ili.2.2A GROUP B BASALTS ~HOLE ROCK ANALYSES - CONT/D 
P182ll P18SA P188 P192B P193 P209 P211B P219 
UEIGHT % 
5102 47.59 48.77 47.25 46.71 54.33 54.86 42.02 52.89 
AL203 12.29 16.49 17.48 15.45 15.58 12.04 17.04 15. 11 
FE203 11. ss 14.56 10.51 12.84 11.19 10.03 15.19 12.25 
KGO 9.00 7.93 1 0. 11 5.63 7.50 9.55 14.04 9.08 
CAO 15.50 5.79 8.97 12.79 4.64 8.99 6.00 5.06 
NA20 1.77 3.18 2.12 2.64 4.37 2.82 2.76 3.72 
K20 0.78 0.38 2. 11 1. 33 0.00 0.00 0.00 0.02 
TI02 1.06 1. 80 1.01 2.07 1. 68 1 • 31 2.19 1.37 
I'! NO 0.26 0.38 0.21 0.19 0.22 0. 18 0.34 0.18 
s 0.04 0.07 0.01 0.01 0.01 0.07 0.10 0.01 
P205 0. 17 0.66 0.22 0.32 0.48 0.14 0.25 0.30 
I 
PPI1 w 
'-1 
U1 
I 
NB 8 31 5 11 15 .., 12 1 2 
' 
ZR 65 163 1 01 150 199 80 139 201 
y 25 72 27 42 55 30 52 60 
SR 82 308 127 97 297 62 117 104 
LA 19 49 14 9 12 t 2 9 14 
CE 32 79 30 33 ::11 16 28 31 
RB 15 7 28 13 1 3 2 2 
BA 378 221 607 142 34 59 194 }6 
ZN 44 182 68 95 100 1 71 570 85 
CIJ 924 30 42 24 0 23 119 0 
NI 65 1 99 3 0 29 27 46 
CR 43 28 204 26 14 75 as 124 
TABLE III.2.2B GROUP B ANDESITES WHOLE ROCK ANALYSES 
P64 P69 PBB P109 P11 2 P116 P171 P184 p.,., L.:.. p':l?? P22~i P233 
UEIGHT % 
5102 52.06 66.24 65.35 47.70 51.53 52.13 52.64 65.83 54.27 54.53 60.81 57.58 
AL203 12.44 12.99 13.30 15.80 17.35 15.37 16.50 13.24 14.86 16.49 14.84 1 s. 58 
FE203 12.98 7.46 7.29 16.37 12.62 13.57 12.87 6.63 10.91 10.54 9.41 9.68 
MGO 3.09 1. so 2.18 5.48 9.23 6.36 7.96 1. 94 9.03 4.85 6.17 7.28 
CAO 13.76 3.73 3.86 8.19 2.99 4.93 4.05 4.21 5.78 5.67 3.05 3.26 
NA20 3. 19 6. 18 5.93 3.03 2.40 3.30 3.49 5.96 2.81 5.55 3. 82 4.46 
K20 0.00 0.01 0.06 0.37 1.38 1.51 0.05 0.02 0.00 0.00 0 .(J4 0.00 
TI02 1. 81 1.44 1. 60 2.46 1.66 1. 99 1. 59 1. 56 1.57 1.70 1. 20 1. 52 
MNO 0.17 0.06 0.07 0.22 0.40 0.21 0.23 0.12 0.26 0.13 0. '15 0.15 
s 0. 01 0.00 0.00 0.01 0.02 0.01 0.01 0.01 0.00 0.00 0.00 0.00 
P205 0.49 0.39 0.34 0.35 0.43 0.60 0.62 0.48 0.52 0.53 0.49 0.50 
PPM I w 
-....I 
0" 
NB 16 19 16 16 18 38 20 21 23 23 14 19 I 
ZR 234 279 210 216 286 218 294 324 363 380 227 264 
y 67 64 65 63 77 69 70 86 76 88 55 65 
SR 29 52 118 47 1 01 333 217 71 297 450 1 31 167 
LA 17 16 16 13 22 55 23 20 15 19 11 21 
~E 41 44 36 34 46 98 44 ~4 43 43 35 39 
RB 2 2 3 7 15 15 3 1 1 1 2 1 
BA 29 59 58 102 150 1063 52 44 46 27 37 39 
ZN 77 99 97 1 41 615 95 92 85 435 39 27 71 
cu 16 10 4 61 52 10 0 10 127 354 225 822 
NI 0 0 0 16 1 0 2 0 0 0 4 0 0 
CR 10 1 3 6 46 34 20 14 3 10 18 12 13 
TABLE III.2.2C GROUP B DACITES ~HOLE ROCK ANALYSES 
P163 P19 F'203 
UEIGHT % 
SI02 '57.09 '59.66 59.02 
Al203 17.29 17.17 15.79 
FE203 10.78 10.80 10.34 
HGO 6.73 '5.33 3.60 
CAO 1. 52 0.79 3.96 
NA20 5.13 4.66 5.58 
K20 0.03 0.00 0.07 
TI02 0.93 1.03 1.14 
If NO 0.21 0.16 0.20 
s 0.00 0.01 0. 01 
P205 0.28 0.36 0. 31 
PPM I w 
....... 
....... 
NB 25 26 28 I 
ZR 462 446 484 
y 77 78 104 
SR 111 32 108 
LA 28 18 28 
CE 58 39 67 
RB 1 2 2 
BA 61 58 138 
ZN 17'5 109 123 
cu 0 2 17 
NI 0 0 4 
CR 11 11 1 ., 
TABLE III.2.3A GROUP C BASALTS WHOLE ROCK ANALYSES 
P135 P155B P156 P158 P173A P173B P189 
IJEIGHT Z 
5!02 52.62 47.42 53.02 48.82 64.64 68.35 52.86 
AL203 1 '5. 77 18.35 15.23 18.06 18.73 22.42 17.81 
FE203 10.94 15.04 1 1 • 24 14.49 4.7'5 0.77 11 .49 
MGO 13. 12 11.4'5 10.43 13.03 1. 73 0.67 7.88 
CAD 2.63 0.53 0.48 0.46 0.25 0.10 0.53 
NA20 2. 61 2.25 3.02 1. 11 3.29 t. 99 1.78 
K20 0.03 0.07 0.00 0.30 2. 92 4.71 1.33 
TI02 1.70 2.48 2.09 1. 70 0.48 0.82 2.06 
HNO 0.23 1.13 0.23 0.41 0.05 0.01 0.70 
s 0. 1 '5 1. 01 4.01 t. 33 3.04 0.12 3.30 
P205 0.21 0.27 0.2'5 0.28 0.13 0.04 0.27 
PPM I 
w 
-....! 
NB 11 10 12 1 0 C" t::" 10 00 .J .. J I 
ZR 147 152 159 160 94 1 13 146 
y 45 34 34 48 2'5 13 52 
SR 170 21 23 1 6 129 79 ?"' ~..J 
LA 1 1 7 15 9 11 4 9 
CE 26 21 36 2? 33 13 17 
RB 2 2 2 6 64 11 8 9 
BA 138 52 39 81 323 627 343 
ZN 801 4983 183 289 96 22 5400 
cu 45 611 6 1043 20 2 572 
HI 22 13 2 8 0 0 14 
CR ss 53 29 62 9 13 48 
TABLE III.2.JB GROUP C ANDESITES UHDLE ROCK ANALYSES 
P74 PlOB P115B P136 P149 P155A P18SB P194 P211A P215 P244 P263A P269 
UEIGHT % 
SI02 60.37 52.16 55.40 68.64 s 1 . 81 63.79 52.52 56.02 50.07 57.89 55.26 '56. 97 54.76 
AL203 18.98 16.63 17.90 16.18 19.77 16.21 18.64 15.89 18.95 15.16 16.92 15.69 16.92 
FE203 6.95 13.64 9.45 4.29 8.25 6.24 9.52 10.96 11.80 7. 81 9.47 7.62 1 0. 22 
MGO 3.16 8.89 11 • 00 4.07 14.64 5.47 11.25 7.18 1 0. 61 4.69 10.38 8.51 7.94 
CAO 0.80 2.09 0.69 0.33 0.28 0.40 I . 61 2.97 2.38 6. 14 1. 40 1.59 2.63 
NA20 6.88 2.36 2.40 0.10 0.07 4.18 3.26 4.36 4.27 4.24 3.60 4.69 4.40 
K20 0.00 0.32 0.33 3.21 1. 32 0.71 0.16 0.02 0.02 0.00 0.00 0.00 0.00 
TI02 1.10 1. 68 1. 63 0.86 1. 80 1.03 1.62 1. 93 1.13 1.88 1. 24 1. 69 1.52 
MNO 0.30 0.68 0. 21 0.09 0.18 0.32 0.31 0.20 0.21 0.33 0.19 0.17 0.46 
5 2.19 1.14 0.92 2.00 1.51 1.40 0.58 0.01 0.27 1.56 1. 09 2.61 0.67 
P20S 0.26 0.40 0.07 0.22 0.36 0.25 0.52 0.46 0.30 0.31 0.46 0.45 0.48 
I 
PPM w 
--.1 
1..0 
I 
NB 22 15 18 23 17 21 22 15 25 21 22 1 a 1 8 
ZR 365 234 297 375 273 388 381 226 411 343 349 292 266 
y 69 62 38 65 78 51 94 66 109 81 76 6i 70 
SR 52 44 103 6 7 36 64 116 176 273 32 28 98 
LA 4 20 15 33 19 23 17 17 34 19 18 12 18 
r:E 28 35 25 68 40 46 45 3:! 58 44 47 3'":' •' 44 
RB 1 5 7 34 15 9 4 2 1 1 1 ~) 
"'· 
2 
BA 36 224 132 1327 672 793 76 45 159 40 36 3~i 37 
ZN 269 2102 327 263 253 328 367 47 2728 372 88 94 214 
cu 624 251 300 9 1 B 6 0 1338 49 571 1 ~· i 56 
NI 0 3 0 0 2 0 0 17 16 1 0 0 2 
CR 12 34 29 9 82 15 18 26 0 29 9 11 24 
TABLE III.2.3C GROUP C DACITES UHOLE ROCK ANALYSES 
p 113 F'143 P151 P169 P247 P249 
WEIGHT ! 
5102 71 • 66 50.25 67.09 66.35 62.41 62.06 
AL203 14.08 20.43 15.34 15.24 15.89 17.31 
FE203 4.42 8.66 6.74 6.45 6.84 5.66 
11GO 2.06 9.67 2.47 4.86 4.45 7.30 
CAO 0.25 1.09 1.01 0.40 1. 76 0.35 
NA20 5. 92 2.08 5.39 5.02 5.66 4. '19 
K20 0.15 1.87 0.40 0.04 0.04 0.12 
TI02 0.69 2.00 0.76 0.88 0.98 1 • 12 
MNO 0.08 0.33 0.10 0. 16 0.26 0.15 
s 0.52 2.86 0.46 0.39 1.37 ·t.42 
P205 0.16 0.76 0.25 0. 19 0.35 o.:1o 
PPH I 
w 
en 
NB 29 26 25 29 26 24 0 I 
ZR 512 398 435 568 472 41 B 
y 80 98 90 88 83 99 
SR 56 42 67 74 98 31 
LA 26 40 42 17 24 23 
CE S1 78 68 34 57 !'\9 
RB 3 20 7 2 2 3 
BA 52 444 100 58 44 40 
ZN 31 388 160 102 140 170 
cu 5 8 125 228 0 4 
NI 0 0 0 1 0 4 
CR 6 47 3 11 5 14 
TABLE III.2.4A FE-HN-OXIDE RICH CHERTS WHOLE ROCK ANALYSES 
P92 f'145 P235 P236 
I.JEIGHT ! 
SI02 87.01 43.47 28.12 28.98 
AL203 0.27 1. 50 2. 41 1.43 
FE203 12.38 49.63 30.34 27.92 
11GO 0.21 0.78 1.62 0.79 
CAO 0.03 0.40 14.46 27.23 
NA20 0.00 0.00 0.00 0.00 
K20 0.00 0. 19 0.03 0.00 
TI02 0.03 3.49 0.15 0. 11 
MNO 0.03 0.01 22.58 13.39 I 
s 0.01 0.47 0.02 0.01 w 00 
P205 0.03 0.06 0.27 0.13 ...... I 
PPM 
NB 2 23 5 4 
ZR 2 202 44 33 
y 6 21 85 84 
SR 3 36 33 43 
LA 6 . 45 170 ~ 16 
CE 3 15 25 20 
RB 1 6 5 4 
BA 29 6386 238 27 
ZN 0 199 327 73 
cu 62 289 11 14 
Nt 0 0 693 429 
CR 130 450 480 300 
TABLE III.3.1A GROUP A BASALTS NORMATIVE MINERALOGY 
P66 F'93 p 1 18 P140 P157 P183 P204 P2·1 0 P213 P214 P234 P252 
CORUNDUM 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
ORTHOCLASE 1.0 0.4 3.6 3.0 0.6 0.0 0.5 0.0 2.0 5.0 0.3 0.0 
ALBITE 15.4 28.8 17.6 10.9 30.8 34.2 28. 1 21.9 16.3 13. 1 42.8 34.4 
ANORTHITE 20.3 16.8 23.7 30. 1 26.3 17.9 '"'7 '") 31.9 22.4 22.2 15.5 22.6 ....,, .. ..:. 
NEPHELINE 6.8 5.2 5.2 3.7 0.0 0.0 o.o 0.0 6.1 5. 1 0.0 1.3 
DIOPSIDE 39.8 31.9 19.9 17.8 5.8 18.9 6.5 0.0 25.9 35.6 19.5 15.0 
HYPERSTHENE 0.0 0.0 0.0 0.0 20. t 14.0 8.5 12.3 0.0 0.0 5.8 0.0 I w 
OLIVINE 10.0 9.3 22.2 27.4 7.2 7.0 20.7 25.0 19.5 14. 1 8.7 20.0 CXl N 
MAGNETITE 4.0 3.7 4.2 4.0 4.3 4.3 4.4 4.6 4.0 3. 1 ~5. 4 3.8 I 
IUIENITE 2.4 3.5 3. 1 2.6 4.0 3.3 3.6 3.7 3.3 1.5 3.4 2.4 
APATITE 0.3 0.5 0.4 0.5 0.9 0.4 0.5 0.5 0.5 0.2 0.6 0.5 
PYRITE 0.0 0.0 0.1 0. 1 0.0 0.0 0.1 0. 1 0.0 0.0 0.0 0.0 
D~FF. INDEX 23.2 ::;4.4 26.5 17.6 31.4 34.2 28.6 21.9 24.4 23.2 43.0 35.7 
NA/<NA+K> 0.97 0.99 0.89 0.86 0.98 1.00 0.98 1.00 0.94 0.83 0.99 1.00 
<NA+IO/AL 0.43 0.55 0.41 0.27 0.39 0.50 0.36 0.27 0.41 0.39 0.60 0.46 
F3/(F2+f3) 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0. 21 
TABLE III.J.1A GROUP A BASALTS NORMATIVE ~INERALOGY - CONT~D 
P253 P271 P276 P280 P282 P286 P287 
ORTHOCLASE 0.0 0.8 0.4 0.5 1.7 0.0 0.4 
ALBITE 35.6 29.2 39.0 29.2 22.8 31.1 7 I ! ~o~U .() 
ANORTHITE 20.3 21.3 16.0 21.1 23.9 ~., ., L,,_., 1?.3 
NEPHELINE 0~ 0 0.0 0.0 0.0 0.0 0.9 0.0 
DIOPSIDE 14.2 17.9 19.6 20.3 20.0 18.6 14.0 
HYPERSTHENE 12.5 5.0 11.6 14.8 9.8 0.0 10.5 I 
OLIVINE 9.2 17.0 5.9 6.4 15.0 19.7 11.3 w (X) 
MAGNETITE 4. 1 4.4 3.8 4. 1 4.0 4.0 :.3 .8 w I 
ILMENITE 3.5 3.5 3.0 2.9 2.6 2.4 3.5 
APATITE 0.6 0.9 0.7 0.7 0.3 0.5 0. 7 
PYRITE 0.0 0.0 0.0 0.0 0.1 0.0 0.0 
DIFF. INDEX 35.6 30.0 39.4 29.8 24.5 32.0 36.9 
to!A/(NA+Kl 1.00 0.97 0.99 0.98 0.94 1. 00 0.99 
<NA+Kl/AL 0.48 0.43 0.57 0.43 0.35 0.43 0.50 
F3/(F2+F3l 0.21 (J. 21 0. 21 0.21 0.21 0.21 0. 21 
TABLE III.3.1B GROUP A ANDESITES NORMATIVE MINERALOGY 
P73 P78 P80 P82 P101 P104 P117 P133 P134 P137 P142 P154 
GUARTZ 1 0. 6 10.5 3.5 13.7 5.4 2.4 5.5 12.4 9.8 1 2. 1 6.9 5.2 
CORUNDUM 4.8 0.0 0.0 2.9 0.0 0.0 3.2 2.8 9.9 4.4 11 • 9 0.0 
ORTHOCLASE 0.0 0.0 1.0 2.7 2.1 0.8 0.8 0.2 0.0 0. 2 0.1 0.7 
ALBITE 43.3 40.8 53.2 46.3 41.6 42.5 41.0 r::? 'l 
.J-·"- 25.7 34.1 29.2 35.1 
ANORTHITE 9.5 14.4 16.4 9.3 18.6 18.9 15.0 8.7 6.5 13.9 3.6 21.7 
DIOPSIDE 0.0 20.5 0.6 0.0 '5.6 4.8 0.0 0.0 o.o 0.0 0.0 4.5 
HYPERSTHENE 23.7 6. 1 17.9 17.6 19.3 23.0 28.3 18.0 38.8 26.6 40.1 25.7 I w 
MAGNETITE 3.4 3.1 2.7 , .., 3.4 3.8 3.4 2.9 4.1 3.9 3.9 3.4 CXl .... I' 
.!:"-
ILMENITE 3.4 3.6 3.6 3.5 2.8 2.9 1.8 2.1 3.5 3.2 3.3 2.9 I 
APATITE 1.2 0.9 1.2 1.2 1.1 0.9 0.8 0.8 1.7 1.4 0.9 0.9 
PYRITE 0.1 0.0 0.0 0.0 0.0 0.0 0. 1 0.0 0.0 0.0 0.0 0.0 
DIFF. INDEX 53.9 51.3 57.6 62.8 49.2 45.7 47.4 64.7 35.5 46.5 36.3 40.9 
NA/ <NA+IO 1. 00 1. 00 0.98 0.95 0.95 0.98 0.98 1. 00 1. oo 0.99 1.00 0.98 
<NA+Kl/AL 0.50 0.60 0.64 0.60 0.56 0.55 0.48 0.63 0.29 0.41 0.30 0.47 
F31<F~+F3l 0.21 0. 21 0. 21 0. 21 0.21 0.21 0.21 0.21 C.21 0.21 0.21 0. 2J 
TABLE III.3.1B GROUP A ANDESITES NORMATIVE MINERALOGY - CONT'D 
P159 P170ll P181 P191 P1?5 P202 P205 P206 P224 P226 F'2:38 f-'243 
QUARTZ 10.8 7.4 0.7 12.9 4.7 ' 1:' ~·'"' 13.8 1.!3 11.1 4.5 0.0 0.8 
CORUNDUM 11.8 7.7 0.0 8.4 2. 1 2. 1 0.0 0.0 2.2 3.7 0.0 0.9 
ORTHOCLASE 0.0 2.7 4.2 1.3 0.1 0.2 0.6 1.7 0. 1 3.8 0.4 3.3 
ALBITE 25.6 29.0 32.2 41.2 43.3 34.3 4[;. 3 44.0 39.2 3.S.4 47.0 34.1 
ANORTHITE 3.8 1 0. 1 23.6 3.7 16.0 18.6 14.7 18.5 13. 1 14.2 13.5 20.5 
DIOPSIDE 0.0 0.0 3.4 0.0 0.0 0.0 4.2 1.7 0.0 0.0 12.3 0.0 
HYPERSTHENE 40.5 34.3 28.7 25.0 26.9 33.8 14. 1 24.7 26.2 29.2 11.3 32.6 I 
OLIVINE 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 8.3 0.0 w 00 
MAGNETITE 3.4 4.2 3.7 3. 1 3. 1 3.9 ? '7 3.5 3 .. 7 3.7 3.8 3.9 Vl ~ • I I 
ILMENITE 3.1 3.5 2.6 3.2 2.8 3.7 2.8 3.2 3.3 3. 1 2.8 2.7 
APATITE 0.9 1.0 O.B 1.3 1.1 1.0 0.8 1.0 1.1 1.4 0.5 1.0 
PYRITE 0. 1 0.0 0. 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 
DIFF. INDEX 36.4 39.2 37.1 55.4 48.1 36.9 60.7 47.5 50.3 44.6 47.4 38.2 
NA/(NA+Kl 1.00 0.92 0.89 0.97 1. 00 1 . 00 0.99 0.96 1. 00 0.91 0.99 0.92 
<NA+K)/Al 0.27 0.35 0.45 0.46 0.52 0.43 0.63 0.57 0.52 0.46 0.65 o.4u 
F3/(F2+F3> 0.21 0. 2 t 0.21 0.21 0.21 0. 21 0. 21 0.21 0.21 0.21 0.21 0.21 
TABLE II!. 3. 1 B GROUP A ANDESITES NORMATIVE HI NERALOGY ·- COtH ···D 
P24~ P248 P250 P251 P256 P257 P263B P289 
QUARTZ 3.4 o.o 10.3 4.2 0.0 1.6 5.2 3.7 
CORUNDUit 0.9 0.0 3.5 5.2 0.0 4.0 8.6 0.7 
ORTHOCLASE 1.2 0. 1 0.0 o.o 0.0 0.0 0.1 0.0 
ALBITE 38.5 44.1 36.8 34.2 48.9 31.1 31.6 44.8 
ANORTHITE 20.1 16.3 13.3 11.2 14.3 18. 1 7.6 16. 1 
DIOPSIDE o.o 6.8 0.0 0.0 9.7 0.0 0.0 0.0 
HYPERSTHENE 29.7 20.4 28.2 36.2 9.8 37.2 38.9 27.5 I w 
OLIVINE o.o 4.8 0.0 0.0 8.9 0.0 0.0 0.0 CD (j\ 
MAGNETITE 3.4 3.7 3.3 3.8 3.8 4.0 3.9 3.5 I 
ILitENITE 2.2 2.9 3. 1 4.0 3.6 3.0 2.9 2.7 
APATITE 0.8 1.0 1.5 1.1 1.2 1.0 0.9 1.1 
PYRITE 0.0 0.0 0.0 0.0 0.0 o.o 0.3 0.0 
DIFF. INDEX 43.0 44.2 47. 1 38.3 46.9 32.7 37.() 48.5 
NA!(NA+Kl 0.97 1.00 1.00 1.00 1 • 00 1.00 1.00 1.00 
<NA+K)/AL 0.48 0.59 0.46 0.42 0.64 0.36 0.35 (\.5? 
F3/(F2+F3) 0.21 0. 21 0.21 0. 21 0. 21 0.21 0.21 0.21 
TABLE III.3.1C GROUP A DACITES NORMATIVE MINERALOGY 
P65 P71 P144 P218 P223 
QUARTZ 25.9 16. 1 19.3 18.2 33.1 
CORUNDUM 0.0 1.4 4.4 2.2 0.0 
ORTHOCLASE 4.9 0.4 1.0 0.2 0.0 
ALBITE 46.5 62.5 50.9 50.2 46.2 
ANORTHITE 8.7 4.9 5.4 8.7 B.2 
DIOPSIDE 6.8 0.0 0.0 o.o 4.5 I 
w HYPERSTHENE 4.1 10.9 14.6 15.7 5.6 CXl 
'--I MAGNETITE 1.8 2.2 2.6 "' "7 f • 7 I ... ,
ILMENITE 1.0 1.3 1.4 1.4 0.6 
APATITE 0.2 0.4 0.4 0.7 0.1 
PYRITE 0.0 0.0 0.0 o.o 0.0 
DIFF. INDEX 77.3 78.9 71.2 68.6 79.3 
NA/CNA+Kl 0.91 0.99 0.98 1. 00 1.00 
CNA+Kl/AL 0.76 0.79 0.61 0.64 0.75 
F3/(F2+F3> 0.21 0.21 0.21 0.21 0. 21 
TABLE III.3.1D GROUP A GABBROS NORMATIVE MINERALOGY 
P239 P246 P255 P258 P272 P277 P2?9B 
ORTHOCLASE 4.0 4.1 3.8 10.9 4.3 2.3 7.1 
ALBITE 26.2 t3. 3 27.4 28.5 25.9 32.2 12.9 
ANORTHITE 29.5 29.8 27.7 31.4 26.2 19.4 34.9 
DIOPSIDE 9.8 14.6 10.5 8.0 8.8 19.4 14.2 
HYPERSTHENE 5.6 15.9 11.0 1.7 22.2 2.0 8.4 
OLIVINE 19.7 17.8 14.6 15.3 3.8 1 4. ·1 1 9. 1 
MAGNETITE 3.2 3. 1 2.9 2.6 4.0 4.7 .., .,. ,:_ • .. J I 
ILMENITE 1.6 1.2 1.6 1.4 3.8 5. 1 0.8 w 00 
APATITE 0.3 0.3 0.4 0.3 0.9 0.7 0.1 00 I 
PYRITE 0.0 0.0 0.0 0.0 0.2 0.0 0.0 
DIFF. INDEX 30.2 17.4 31.2 39.4 30.2 34.5 20.0 
NA/(NA+K) 0.87 0.78 0.89 0.74 0.86 0.94 0.66 
<NA+f{)/Al 0.35 0.23 0.37 0.40 0.38 0.48 0.23 
F3/(F2+F3) 0.21 0.21 0.21 0.21 0.21 0.21 0. 2"1 
TABLE III.3.1E GROUP A PLAGIOGRANITES NORMATIVE MINERALOGY 
P254 P264A P264B P270 P274 
QUARTZ 3.4 5.5 6.0 19.9 1 6. 5 
CORUNDUM 0.0 4.5 0.0 1.5 1.2 
ORTHOCLASE 0. 1 0.0 0.0 0.1 0.3 
ALBITE 67.7 64.5 62.9 65.5 68.3 
ANORTHITE 6.0 2.4 11.7 2.5 2.6 
DIOPSIDE 13.8 0.0 0.9 0.0 0.0 
HYPERSTHENE 4.6 17.3 13.7 7.9 8.2 
MAGNETITE 2.2 3.3 2.8 1.7 1 .8 I w 
ILMENITE 1.4 1.4 1.4 0.7 0.9 00 \.0 
APATITE 0.8 1.1 0.6 0.2 0.3 I 
PYRITE 0.0 0.0 0.0 0.0 0.0 
DIFF. INDEX 71.2 70.0 68.9 85.4 85.0 
NA/ ( NA+f() LOO 1. 00 1. 00 1. 00 1. 00 
(NA+Kl /~.L 0.86 0.70 0.7'4 0.84 0.86 
F3/(F2+F3l 0.21 0.21 0.21 0.21 0.21 
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APPENDIX IV 
ELECTOON POOBE ANALYSES 
IV. l. Operating conditions 
Mineral analyses were carried out using a Cambridge Instrument Com-
pany "Geoscan-Mark II" electron microprobe analyser at the University of 
Durham. The Geoscan was operated under high vacuum (0.01 mm Hg) with an 
acceleration voltage of 15 kV for silicate mineralb, 20 kV for sulphides 
and a specimen current of ~ nanoamps for silicates9 20 nanoamps for sul-
phi des. 
Samples were prepared as polished mounts and polished thin sections 
and were simultaneously carbon-coated with the standards to ensure uniform 
carbon-coating. Both standards and samples were kept in a dessicator be-
tween analysing periods to prevent deterioration o1 the coating. 
The electron beam was normally kept focussed to produce a spot 
analysis of diameter 2-5 microns. A slightly defocussed beam was used 
for plagioclase and water bearing silicate mineral analyses and a de-
focussed beam, several microns in diameter, for the chalcopyrite-idaite 
intergrowth to achieve representative combined co~ositions. 
Secondary x-rays were analysed using a wavelength dispersive system 
with two single crystal spectrometers and three analysing crystals, 
L.I.F •• P,E,T,, K.A.P., which allowed simultaneous analyses of two ele-
ments. The optimum conditions for the analysed elements are given in 
Table IV.l. In general, 4 - 6 ten second cound accumulations were obtained 
and averaged for each peak and background positionb and for each element. 
The background readings for each mineral type were used throughout each 
analytical period. Slits were used for Co analyses in 3Ulphides in order 
to avoid interf<:ifence of Fe K~. 
Data handling was by an on-line Varian 620L/100 computer using the 
programmes TIMJ and the modified version TIM4, both written by Dr.A.Peckett 
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TABLE IV .1 
Optimum analysing conditions and standards used for electron microprobe analyses 
Atomic 
Number 
ll 
12 
14 
16 
19 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
47 
48 
51 
52 
79 
82 
83 
Element 
Na 
Mg 
Al 
Si 
s 
K 
Ca 
Ti 
v 
Cr 
Mn 
Fe 
Co 
Ni 
Cu 
Zn 
Ga 
Ge 
As 
Se 
Ag 
Cd 
Sn 
Sb 
Te 
Au 
Pb 
Bi 
Line 
II 
II 
II 
" 
" 
II 
II 
" 
" 
" 
" 
II 
II 
II 
II 
II 
II 
II 
II 
" 
II 
" 
II 
II 
M:x.l 
N ~1 
Analysing 
Crystal 
K.A.P. 
II 
II 
P.E.T. 
" 
II 
LiF 
" 
II 
" 
II 
II 
II 
II 
" 
II 
II 
" 
K.A.P. 
II 
P.E.T. 
II 
LiF 
II 
II 
" 
P.E.T. 
" 
Counter 
Flow 
II 
II 
II 
" 
II 
II 
" 
II 
" 
II 
" 
" 
II 
II 
II 
" 
II 
II 
II 
" 
II 
II 
" 
II 
" 
II 
II 
Peak 
109° 07' 
75° 50' 
r:IJ
0 
37' 
113° 02' 
86° 11' 
76° 49' 
69° 19' 
62° 56' 
57° 2J' 
0 
44 52' 
41° 36 1 
3EP 41 1 
36° 07' 
42° 43' 
39° 34 1 
59° 4_0 I 
53° 44' 
0 
31 17' 
BacKground 
- 0 
+2 
" 
" 
II 
" 
" 
II 
" 
" 
" 
" 
" 
II 
II 
" 
" 
- 0 
+2 
II 
0 0 
-1 /+2 
- 0 
+2 
" 
II 
II 
74° 22' -2° 
680 15' II 
Standard 
Jadeite 
MgO 
A1 20 3 
Wollastonite 
K-feldspar 
Wollastonite 
Rhodonite 
Fe, FeS2 
Co 
Ni 
Cu 
Zn 
Ge 
As 
CdSe 
Ag 
CdSe 
Sn 
Sb 
Te 
Au 
PbS 
Bi 
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of the Department,which perform all the necessary corrections for atomic 
number, mass absorption and fluorescence on peak and background data for 
standards and samples. The programmes estimate thr water content and 
FeO and Fe 0 contents of the appropriate analysed minerals. 
2 J 
The standard error for each element varies with concentration, but 
is approximated by : 
wt~ri oxide/element relative error 
10-50 + 2% 
1 - 10 
1 + 10% 
Calculated detection limit for the elements are in the range 200-
500 ppm. 
IV.2. Silicate analyses 
The results are set out in the following tables starting with "Table 
IV.211 • 
IV.J. Ore mineral analyses 
The results are tabulated in the following tables starting with 
"Table IV. 3''. 
TABLE IV.2.1A CLINOPYROXENE ANALYSES FROM BASALTS 
P66·-1A P66·-1 B P66-1C P66-tD P66·-1E P66-2A P66-2B P66-2C P75-1A P75·-2A P76--1A P76-tB 
UEIGHT X 
SI02 51.53 50.43 52.83 51.83 51.85 5 t . 75 49.05 53.45 51.23 50.55 51.11 51.38 
TI02 0.77 1. 02 0.41 0.46 0.50 0.51 1. 62 0.46 0.74 1. 01 0.77 0.57 
AL203 2.82 3.60 2.54 3.12 3.16 2. 17 5.72 2.23 3.69 4. 72 3.64 3.40 
FE203 0.00 0.00 0.00 0.00 0.00 0 .. 00 0.00 0.00 0.00 0.00 0.00 0.00 
FEO 8.45 8.88 4.93 5.09 5.21 6.44 8.83 6.96 6.04 6.98 7. 1 6 6.51 
MNO 0.21 0.20 0.14 0.15 0.14 0.17 0.21 0. 22 0.14 0. 14 0.14 0.13 
MGO 15.04 14.73 17.50 16.89 17.27 17 .. 18 14. 14 17.03 16.26 16. 19 15.76 15.48 
CAO 21.35 21.42 22.17 22. 10 21.96 21..12 20.32 20.06 21.00 19.13 20.31 21.36 
NA20 0.25 0.34 0.19 0.18 0.18 0.22 0.29 0.25 0.28 0.26 0.24 0.28 
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
TOTAL 100.42 100.63 100.71 99.82 100.26 99.57 100.17 100.66 99.39 98.98 99.13 99. 11 
ATO"IC FOR"ULA - ON BASIS OF 6 OXYGENS I 
w 
1.0 
SI t. 909 1. 872 1 • 92 t 1. 905 1. 898 1.916 1 "824 t. 948 t .894 1.875 1. 900 1. 910 w I 
TI 0.021 0.029 0.011 0.013 0. 013 0.014 0.045 0.013 0.021 0.028 0.021 0.016 
AL 0.123 0.158 0.109 0.135 0.136 0.094 0.251 0.096 0. 161 0.206 0.160 0.149 
FE3+ 0.000 0.000 0.000 0.000 0.000 . 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
FE2+ 0.262 0.276 0.150 0. 157 0. t 60 0.200 0.275 0.212 0.187 0.217 0.222 0.202 
HN 0.007 0.006 0.004 0.004 0.004 0.006 0.007 0.007 0.004 0.004 0.004 0.004 
MG 0.830 0.815 0.948 0.924 0.942 0 .. 948 0.784 0.924 0.896 0.895 0.873 0.858 
CA 0.847 0.852 0.864 0.870 (\.861 0.838 0.810 0.783 0.832 0.760 0.809 0. 850 
NA 0.018 0.025 0.013 0.012 0.012 0.016 0.0:.!:1 0.018 0.020 0.019 0.017 0.020 
f( 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
MOLECULAR PROPORTIONS 
UOLLAST. 43.12 43.97 43.91 44.16 43.80 42.92 40.51 39.40 42.17 37.55 40.59 43.14 
ENSTAT. 43.25 41.86 48.43 47.76 48.06 47.16 44.06 49.29 47.86 50.29 47.35 46. 01 
FERROSIL. 13.63 14. 17 7.66 8.09 8.14 9.92 15.43 11 • 31 9.97 12.17 12.06 10.85 
MG-NUHBER 76.04 74.71 86.35 85.52 85.52 82.61 74.06 81.34 82.75 80.52 79.70 80.91 
TABLE IV.2.1A CLINOPYROXENE ANALYSES FROM BASALTS - CONT'D 
P85-2A P91-1B P91-1C P93-1A P93-·t B P93-2A P93--2B P95·-1A P96-1A P96-2A P118-1A P118-"1B 
WEIGHT I 
SI02 50.24 51.61 51 . 81 52.40 50.63 49 .. 70 50.18 50.80 52.68 50.37 ~50. 08 50.25 
TI02 1. 36 1. 06 1. 02 0.65 1. 23 1. 22 0.98 0.74 0.83 1.15 1.17 1.52 
AL203 4.40 2.91 2.67 2.10 4. 01 4 .. 36 2.73 3.61 2.81 4. 91 4.68 6.27 
FE203 0.03 0.00 0.02 0.00 0.00 0.00 0.01 0.00 0.03 0.03 0. 01 0.02 
FEO 10.54 10.24 10.81 7.71 8.18 6.88 11.45 6.03 7.69 7.58 7.50 8. 61 
MNO 0 ")C" -~..J 0.32 0.34 0.24 0.26 0.26 0.36 0.12 0.25 0.23 0.19 0. 18 
MGO 13.34 13.57 13.74 16.25 14.66 14.56 14.82 14.97 15.92 13.91 '! 5. 36 14.38 
CAO 19.61 20.24 19.47 20.25 20.66 20.09 18.35 22.89 20.09 20.66 20.1 6 18.50 
NA20 0.48 0.44 0.44 0.28 0.29 0 .. 40 0.21 0.16 0.28 0.31 0.29 0. 34 
1<20 0.02 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.02 0.02 0.00 0.01 
TOTAL 100.27 100.39 100.32 99.88 99.91 99.48 99.10 99.33 100.61 99.16 99.46 100.07 
ATOMIC FORMULA - ON BASIS OF 6 OXYGENS I w 
\4) 
.1::--
SI 1. 875 1. 922 1. 931 1. 937 1. 881 1 .86"1 ·1. 899 1.890 1. 930 1. 878 1 . 861 1. 852 I 
TI 0.038 0.030 0.029 0.018 0.034 0.034 0.028 0.021 0.023 0.032 0.033 0.042 
AL 0.194 0.128 0.117 0.092 0.176 0.193 0.122 0.154 0.121 0.216 0.205 0.273 
FE3+ 0.001 0.000 0.000 0.000 0.000 0 .. 000 0.000 0.000 0.001 0.001 0.000 0.001 
FE2+ 0.329 0.319 0.337 0.238 0.254 0.278 0.362 0.188 0.236 0.236 0.233 0.265 
MN 0.008 0.010 0. 011 0.008 0.008 0.008 0.012 0.004 0.008 0.007 0.006 0.006 
KG 0.742 0.753 0.763 0.895 0.812 0.813 0.836 0.830 0.869 0. 773 0.851 0.790 
CA 0.784 0.807 0. 777 0.802 0.822 0.~06 0.744 0.913 0.789 0.826 0.61)3 0.730 
NA 0.035 0.032 0.032 0.020 0.021 0.029 0.015 0.012 0.020 0.022 0.021 0.024 
K 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.001 
MOLECULAR PROPORTIONS 
UOLLAST. 39.89 41.20 39.68 40.71 41 • 41 41 . 18 37.33 46.24 39.79 41 • 6 7 40.32 36.26 
ENSTAT. 41 .65 41 • 31 41 • 85 46.82 44.61 43.82 43.72 43.85 47.37 44.67 46.85 47.71 
FERROSIL. 18.46 17.49 18.47 12.47 13.97 14.99 18.95 9.91 i2.84 13.65 '12. 83 16.02 
MG-NUHBER 69.29 70.26 69.38 78.97 76.15 74.51 69.76 81.56 78.67 76.59 78.50 74.86 
TABLE IV.2.1A CLINOPYROXENE ANALYSES FROH BASALTS- CONT'D 
P118-1C P118-2A P121-1A P121-2A P123-1A P123·-2A P124·-1A P124-1B f'124-2A P'l32-1 A PI40-1A P140-1 
UEIGHT % 
SI02 53.12 50. 14 50.04 50.60 50.69 52.14 52.21 49.92 50.78 50.80 C"•") • ..,.., .J ,:.. • ~ I 50.05 
TI02 0.78 1. 55 1. 08 0.75 0.81 0.72 0.67 1. 03 0.89 0.78 0.54 1.17 
AL203 2.73 5.98 5.42 5.21 2.88 2.12 2.37 3.81 2.41 4.31 2.46 5.13 
FE203 0. 01 0.00 0.04 0.00 0.02 0.00 0.00 0.00 0.00 0.00 ).00 0.00 
FEO 8.07 8.15 6.90 5.46 11.96 9.56 7.45 7.50 9.57 6.65 5. 49 6.75 
MNO 0. 19 0.19 0.12 0.07 0.47 0.35 0.20 0.20 0.28 0.16 .) . 1 2 0.14 
MGO 16.90 14.39 14.32 15.28 12.57 14.55 15.45 14.70 14. 12 16.02 u~.32 14.37 
CAO 17.98 19.31 21 • 26 21 .29 19.41 20.83 21 • 98 21.82 21.00 21 .14 21.72 21.85 
NA20 0.22 0.27 0.30 0.21 0.35 0.27 0.20 0.31 0.32 0. 14 ~. 15 0.26 
1<20 0.01 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.00 :J.OO 0.00 
TOTAL 100.02 99.98 99.50 98.87 99.16 100.54 100.52 99.29 99.37 100.01 99.57 99.72 
ATOMIC FORMULA - ON BASIS OF 6 OXYGENS I 
w 
\0 
SI 1. 945 1. 851 1. 858 1. 874 1 • 92::'; 1. 935 1.925 1. 870 1.913 1. 873 1 . 941 1 .856 l./1 I 
TI 0.022 0.043 0.030 0.021 0.023 0.020 0.018 0.029 0.025 0. 022 G. 015 0.033 
AL 0.118 0.260 0.237 0.228 0.129 0.093 0.103 0.168 0.107 0.188 ·:>. 107 0.224 
FE3+ 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 [). 000 0.000 
FE2+ 0.247 o. 252 0.214 0. '16!} 0.380 0.297 0.230 0.235 0.302 0.205 0.169 0.209 
HN 0.006 0.006 0.004 0.002 0.015 0. 011 0.006 0.006 0.009 0.005 0.004 0.005 
MG 0-922 0.792 0.792 0.843 0. 711 0.305 0.849 0.821 0.793 0.880 O.C74 0.794 
CA 0.706 0.764 0.846 0.845 0.790 0.829 0.868 0.876 0.848 0.835 0.856 0.869 
NA 0.016 0.019 0.022 0.015 0.026 0.019 0.014 0.02:3 0.023 0.010 0. 011 0.018 
K 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
MOLECULAR PROPORTIONS 
UOLLAST. 35.67 37.93 42.52 42.11 39.85 42.03 44.01 45.08 43.51 41 .77 43.06 43.73 
ENSTAT. 50.74 47.11 45.24 48.22 39.21 42.36 44.07 42.69 40.92 47.24 4 7. 90 44.53 
FERROSIL. 13.60 14.96 12.24 9.67 20.94 15. 61 11.92 12.23 15.57 10.99 '?.04 11 .?4 
MG-IWHBER 78.86 75.90 78.71 83.29 65.19 73.07 78.70 77.73 72.44 81 . 12 84.12 79.14 
TABLE IV.2.1A CLINOPYROXENE ANALYSES FROM BASALTS - CONT~D 
P161-1 A P161···1 B p 161·-1 c P182B-3D P182B-3E P182B-3F P185A·-1A P185A-2A P188-1B P188-1C P 188--3C P204·-2 
WEIGHT X 
SI02 51.96 49. 14 49.73 50.73 53.34 53.46 52.80 50.02 51.99 49.59 50.21 51.45 
TI02 0.52 1. 25 1.04 0.96 0.47 0.46 0. 77 1.45 0.60 1.06 1 .09 1.04 
AL203 2.06 3.83 3.90 4.55 2.45 2.16 2.22 4.88 2.42 5.51 4.50 3.07 
FE203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0. 01 0. 51 0.00 
FEO 7.38 11.47 9.47 6.10 6.02 4.61 9. 31 9.53 3.34 7.50 8. 19 9.48 
MNO 0.16 0.31 0.25 0. 11 0.15 0.05 0.26 0.24 0.25 0.08 0.24 0.27 
MGO 16.00 12.32 13.64 15.63 17.08 17.01 15.20 13.40 16.00 15.21 1 4. 16 14.84 
CAO 21 • 61 20.46 21.12 20.93 19.89 21.31 19.33 19.83 19.24 20.28 20.01 20.02 
NA20 0.14 0.41 0.38 0.20 0.20 0. 13 0.26 0.34 0.20 0.19 0.38 0.36 
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.30 0.00 
TOTAL 99.82 99.19 99.52 99.21 99.59 99.20 100. 14 99.71 99.09 99.44 99.59 100.54 
ATOMIC FORMULA - ON BASIS OF 6 OXYGENS I ......, 
\0 
0\ 
SI 1. 927 1. 372 1. 872 1. 878 1. 953 1. 960 1.952 1 .869 1 • <J37 1 .843 1. 874 1. 906 I 
TI 0.014 0.036 0.029 0.027 0.013 0.013 0.021 0.041 0.017 0.030 0.031 0.029 
AL 0.090 0.172 0.173 0.199 0.106 0.094 0.097 0.215 0.106 0.242 0.198 0.134 
FE3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.014 0.000 
FE2+ 0.229 0.366 0.298 0. 189 0.184 0. 141 0.288 0.298 0.260 0.233 0.256 0.294 
MN 0.005 0.010 0.008 0.003 0.005 0.002 0.008 0.008 0.008 0.003 0.008 0.009 
PIG 0.884 O.o99 0.766 0.862 0.932 0.930 0.837 0.746 0.888 0.843 0.788 0.819 
CA 0.859 0.835 0.852 0.830 0.780 0.837 0.766 0.794 0.768 0.807 0.800 0.795 
NA 0.010 0.030 0.028 0.;)15 0.014 0.009 0.018 0.025 0.015 0.014 0.028 0.026 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.014 0.000 
MOLECULAR PROPORTIONS 
UOLLAST. 43.49 42.94 43.91 41.35 39.53 42.55 38.97 39.132 38.33 40.03 41.13 40.41 
ENSTAT. 44.89 37.48 40.37 48.10 50.49 49.86 45.42 43.01 47.67 46.98 44.45 43.86 
FERROSIL. 11 • 62 19.58 15.72 10.54 9.98 7.59 15.61 17.16 13.95 12.99 14.43 15.73 
MG-NUI1BER 79.44 65.68 71 • 97 82.02 83.49 86.79 74.42 71.48 77.37 78.34 75.50 73.61 
TABLE IU.2.1A CLINOPYROXENE ANALYSES FROM BASALTS - CONT/D 
F'211B-2A P214-1A P286-1A P286-1B P286---l C P286-1D P286-2A P286--2B P286·-2C 
UEIGHT 4 
SI02 50.99 52.30 50.85 50.36 53.20 50.84 52.94 5'1. 76 51 • 83 
TI02 0.86 0.48 0. 72 1.14 0.53 1.06 0.32 0.55 0.48 
AL203 3.60 3.12 3.11 3.24 2. 01 2.95 2.23 4.08 4.05 
FE203 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FEO 7.52 5.22 8.40 10.24 6.95 9 .. 81 4.72 5.24 4.79 
MNO 0.19 0. 1 7 0.17 0.27 0. 19 0.26 0.14 0. 16 0.12 
I'IGO 15.05 16.23 14.87 13.42 16.18 13.93 17.45 16.?3 16.60 
CAO 21.19 21.87 21.04 20.71 20.94 20.69 21 .14 20.89 21 0 78 
NA20 0.32 0.14 0.30 0.32 o. 22 0.28 0.24 0.21 0.20 
K20 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
TOTAL 99.75 99.56 99.46 99.70 100.20 99.83 ?9.19 99.63 99.26 
ATOMIC FORMULA - ON BASIS OF 6 OXYGENS I 
Vol 
"' ....... SI "1 .. ~:3 ji 4 1. 923 1. 902 1. 895 1. 953 1.905 1. 945 1.898 1. 904 I 
TI 0 "(<2 4 0.013 0.020 On0:32 0.015 0.030 0.004 0.015 0.013 
AL 1). I 5B 0.136 0.137 0. 144 0.087 0.'131 0.097 0.177 0.176 
FE3+ ()" (.tlj (i 0.001 0.000 IJ., Q\)1) 0.000 0.000 0.000 0.000 0.000 
FE2+ \L 234 0. 161 0.263 0 II :322 0.213 0.308 0.145 0.161 0. 147 
MN (1. (t :,) 6 0.005 0.0115 <J. 0 o·:;; 0.006 0.008 0.005 0.005 0.004 
MG u.o..\3 0.890 0.829 (1" 7:53 0.885 0.77!3 0.956 0.914 0.909 
CA 0.84.3 0.862 C.843 0 .. 835 0.823 0.831 0.832 0_821 0.834 
NA 0 .. 0~2~· 0.010 0.022 t) 1102:.3 0.016 0 .. 021 0.017 0.015 0.015 
K (j "() (J(t 0.001 0.000 tj" CJ(JO 0.000 0.000 0.000 0.000 0.000 
MOLECULAR PROPORTIONS 
IJOLLAST. 4.2. '7;9 43.08 43.07 -42 .. 4:3 41.59 42.12 42.13 41.00 41 .63 
ENSTAT. 44p52 48.22 43.23 ~0. 2} 47.07 41.48 50.25 50.18 50.23 
FERROSIL. J'i 4-:;' "- ,....,. .· 8.70 13.70 17.24 1 1 • 34 16.39 7.62 8.82 8.14 
MG-NUMBER ?8" f 0 84.72 75.93 .... -... ··•. / v .. \} .. :.: 80.58 71 .. 67 86.83 85.06 86.05 
TABLE IV.2.1B CLINOPYROXENE ANALYSES FROM ANDESITES 
P80-1A P104-2A F'206-1 C P206-·l [I P206-2D P206--2E P243---1 A P243--1 B P24:3-2A P243-2B P245--1 F P245--3 P245-3D 
WEIGHT I 
SI02 50.92 51.47 50.62 52.45 51.73 51.93 49.87 51.61 51.68 51.09 50.10 50.18 50.22 
TI02 0.85 0.78 1. 22 0.62 0.66 0.67 1. 44 0.79 0.92 1. 02 1. 29 1. 23 1. 32 
AL203 1. 99 2.29 3.40 1. 58 1. 50 1. 80 4.01 1. 58 2.35 2.65 4.01 3.59 3. 91 
FE203 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FEO 11 . 01 11.99 10.34 10.27 11 • 00 10.40 11 . 01 11.62 11.13 10.77 10.50 9.50 1 0. 11 
MNO 0.37 0.37 0.30 0.32 0.39 0.35 0.26 0.34 0.34 0.27 0.89 0. 13 0.25 
MGO 13.79 14.41 13.62 14.98 15.69 14.85 13.50 14.54 14.67 14.47 13.03 13.98 13.39 
CAO 20.30 18. 19 20.02 19.06 18.29 19.62 19.22 18.77 19. 18 19.40 20.00 20.40 19.65 
NA20 0.36 0.36 0.38 0.26 0.30 0.37 0 ... ."1/ 0.22 0.30 0.25 0.32 0.42 0.42 
K20 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
TOTAL 99.59 99.89 99.91 99.54 99.56 100.01 99.79 99.48 100.57 99.91 100.12 99.43 99.27 
I 
ATOMIC FORMULA - ON BASIS OF 6 OXYGENS w 1..0 
co 
I 
SI 1. 924 1. 932 1. 897 1. 961 1. 941 1 • 940 1. 875 1.945 1. 924 1. 913 1. B80 1. 885 1. 890 
TI 0.024 0.022 0.034 0.017 0.019 0.019 0.041 0.023 0.026 0.029 0.036 0.035 0.037 
AL 0.089 0.102 0.150 0.070 0.067 0.080 0.178 0.070 0.103 0.117 0.177 0.159 0.174 
FE3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
FE2+ 0.348 0.376 0.324 0.321 0.345 0.325 0.346 0.366 0.346 0.337 0.329 0.299 0.318 
MN 0.012 0.012 0.:>10 0.010 o.o1: 0. 011 0.008 0. c 11 0. 011 0.006 0.028 0.004 O.GOB 
MG 0. 776 0.806 0.761 0.835 0.878 0.827 0.756 0.816 0.814 0.807 0.729 0.783 0.751 
CA 0.822 o.n2 0.804 0.764 0.736 0.786 0. 77~ 0.758 0.765 0./79 0.804 0.821 0.793 
NA 0.027 0.027 0.028 0.019 0.022 0.027 0.034 0.016 0.022 0.018 0.023 0.031 0.031 
f( 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
MOLECULAR PROPORTIONS 
UOLLAST. 42.33 37.10 40.82 38.65 37.48 40.30 39.47 38.1? 38.72 39.20 40.24 42.16 40.10 
ENSTAT. 39.83 42.88 41.50 44.30 44.87 42.85 41.53 42.69 42.98 42.89 41 .15 41.87 42.07 
FERROSIL. 17.84 20.02 17.68 17.05 17.65 16.84 19.01 19.14 18.30 17.92 18.61 15.97 17.83 
HG-NUMBER 69.06 68.16 70.13 72.21 71.77 71.78 68.60 69.04 70.14 70.53 68.86 72.39 70.23 
TABLE IV.2.1C CLINOPYROXENE ANALYSES FROM GABBROS 
P239-1 F P239-2E P239-3D P255-3B P258--1A P258·-2A P258-2C P258·-3A P272-1 C P272-2B P277-1 A P277-2 
WEIGHT ! 
SI02 51.94 52.10 52.68 51.97 51.59 53.14 53.11 51.84 52.78 50.87 50.37 51 • 18 
TI02 0.69 0.43 0.39 0.45 0.58 0.42 0.49 0.59 0.99 1. 45 I. 26 0.92 
AL203 2.64 2.93 2.49 1. 99 2.33 2.06 2.08 2.44 2.25 3.38 :;~:. 80 1. 90 
FE203 0.00 0.02 0.00 0.01 0.00 0.00 0.00 o.oo 0.01 0.02 0.00 0.00 
FED 7.27 5.46 5.35 6.39 8.25 5.7'9 6.91 8.50 10.64 10.40 10.56 11 .09 
MNO 0.22 0.17 0.14 0.17 0.22 0.19 0.21 0.27 0.39 0.27 (!I. 31 0.34 
MGO 14.98 16.09 16.82 16.87 15.45 16.38 16.31 15. 1 0 13.70 13.28 1 ·;I; • 05 13. t 5 
CAO 21.68 21.96 22.07 21 • 84 20.94 21 • 43 20.37 20.10 19.64 19.70 20.77 20.35 
NA20 0.23 0.27 0.21 0.18 0.24 0. 1 4 0.29 0.25 0.33 0.41 0.34 0.29 
K20 0.00 0.01 o.oo 0.00 0.00 0.()0 0.00 0.00 0.01 0.01 0.00 0.00 
TOTAL 99.67 99.46 100.15 99.88 99. 6·1 99.53 99.76 99.09 100.73 99.77 9~;1 • 46 99.24 
ATOMIC FORMULA - ON BASIS OF 6 OXYGENS I 
w 
"' SI 1. 928 1. 923 1. 929 1 • 921 1.923 1.956 1 .955 1. 938 1. 954 1. 906 I .904 ·1. 940 
"' I 
TI 0.019 0.012 0. 011 0.013 0.016 0.012 0.014 0.017 0.028 0.041 0.036 0.027 
AL 0.116 0.128 0.108 0.087 0.102 0.089 0.090 0.108 0.098 0.149 ~~. 125 O.OB4 
FE3+ 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 
FE2+ 0.226 0.169 0.164 0.198 0.257 0.178 0.213 0.266 0.330 0.326 0.334 0.352 
MN 0.007 0.005 0.004 0.005 0.007 0.006 0.007 0.009 0.012 0.009 0.010 0. 011 
MG 0.829 ().885 0.918 0.029 0.8'58 0.898 0.895 0.841 0.7'::6 0.741 0.735 0.743 
CA 0.862 0.869 0.866 0.865 0.836 0.845 0.803 0.805 0. 779 0.791 ().841 0.826 
NA 0.017 0.019 0.015 0.013 0.017 0.010 0.021 0.018 0. 023 0.030 !.)..025 0.022 
K 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 n.ooo 0.000 
MOLECULAR PROPORTIONS 
IJOLLAST. 43.57 44.19 43.95 44.23 42.57 42.62 40.76 40.51 40.19 40.37 42.95 41 . 93 
ENSTAT. 44.36 46.88 47.57 45.99 44.19 47.88 47.86 45.21 41.65 41.42 31r .23 39.41 
FERROSIL. 12.08 8.93 8.48 9.78 13.24 9.50 11.38 14.28 18. 16 18.20 17.82 18.66 
MG-NUMBER 78.60 84.00 84.86 82.46 76.94 83.4'5 80.79 76.00 69.64 69.47 68.77 67.87 
TABLE IV.2.1C CLINOPYROXENE ANALYSES FROM GABBROS - CONT'D 
P277-2D P279B-2B P281-1C P281-3A P28 1·-JB 
WEIGHT X 
SI02 51.67 51 • 60 52.17 52.65 52.45 
TI02 0.69 0.59 0.52 0.52 0.61 
Al.203 1. 63 3.38 1. 01 0.96 ·1 .18 
FE203 0.00 0.01 0.00 0.00 0.00 
FEO 11 0 30 5.81 12.70 13.53 12. 78 
MNO 0.36 0. 14 0.25 0.31 0.29 
MGO 13.72 16.19 12.43 12.94 12.?9 
CAO 20.55 21 • 86 20.01 18.90 19. I ·1 
MA20 0. 33 0.26 0.34 0.44 0.51 
K20 o.oo 0.01 0.00 0.00 0.00 
TOTAL 100.26 99.87 99.44 100.25 100.32 
I 
~ ATOMIC FOLHULA - ON BASIS OF 6 OXYGENS 0 
0 
I 
SI 1. 940 ·1. 901 1.981 1. 983 1. 973 
TI 0.020 0.017 0.015 0.015 0.017 
AL 0.0?2 0.147 0.045 0.043 0.053 
FE3+ 0.000 0.000 0.000 0.000 0.000 
FE2+ 0.355 0.179 0.403 0.426 0.402 
MN 0.012 0.005 0.?08 0.010 o.oo•: 
MG 0.768 0.889 0.703 0.726 0.717 
CA 0.827 0.863 0.814 0.763 0.?94 
NA 0.024 0.019 0.025 0.032 0.037 
K 0.000 0.000 0.000 0.000 0.000 
MOLECULAR PROPORTIONS 
I.IOLLAST. 42.44 43.98 41 .83 39.34 41.15 
ENSTAT. 39.37 46.62 36.96 38.23 37.71 
FERROSIL. 18.20 9.40 21 • 20 22.43 21. '14 
MG-NUHBER 68.39 83.23 63.55 63.02 64.08 
TABLE IU.2.2A ACTINOLITE <FIBROUS AMPHIBOLE> ANALYSES FROM POLUSAGI 
P239-1A2 P239-2A P24B-1B P248-2A P253-1A P253-·2A P253-2B P253-·3D P254-1D P254-2A P256-1A P256-2A 
\.lEIGHT X 
SI02 51 • B 1 51.65 48.69 49.04 48.61 50.98 50.51 49.18 50.82 52.36 50.:57 51.69 
TI02 0.23 0.32 0.24 0.26 0.91 0.45 0.55 0.43 0.34 0.20 0 .. 47 0.32 
Al203 1. 90 3.03 4.98 4.76 4.63 3.94 4.34 3.95 4.36 2.01 4. 1 2 4.04 
FE203 4.64 2.15 5.03 6.65 6. 51 5.63 4.77 5.37 2.74 0.62 0..45 4.44 
FEO 15.34 15.07 17.41 14.65 13.37 11 . 68 14.05 12.82 15.92 21.39 19 .. 83 12.43 
MNO 0.49 0.41 0.38 0.44 0.47 0.41 0.32 0.38 0.36 0.39 0 ":59 0.70 
l'IGO 12.07 12. 1 0 10.24 12.06 11.84 13.23 11 • 60 12.35 10.63 9.27 9 .. :39 13.32 
CAO 11 . OS 11 . 80 9.70 9.42 10.49 11 • 25 11 • 7 6 10.32 11.02 12.08 1 0.'93 10.94 
NA20 0.47 0.55 0.38 0.40 0.52 0.61 0.51 0.57 0.74 0.31 0 .. 38 0. 61 
K20 0. 11 0.13 0.08 0.09 0.02 0.06 0.07 0.05 0.07 0.06 0.00 0.02 
H20 2.04 2.03 2.00 2.03 2.02 2.07 2.05 2.00 2.02 2.02 1. '99 2.08 
TOTAL 100.14 99.25 99.12 99.81 99.40 100.30 100.51 97.40 99.02 100.71 98 .. 73 100.59 
ATOMIC FORMULA - ON BASIS OF 24 OXYGENS AND 2 HYDROGENS 
I Sl 7.631 7.624 7. 311 7.252 7.207 7.399 7.384 7.386 7.541 7.790 7" 611 7.468 ..,.. 0 TI 0.025 0.035 0.027 0.029 0.102 0.050 0.060 0.048 0.038 0.023 0.053 0.035 1-' I AL 0.330 0.528 0.882 0.831 0.810 0.674 0.747 0.700 0.763 0.352 0.732 0.688 
FE3+ 0.514 0.239 0.568 0.740 0.727 0.615 0.524 0.607 0.306 0.070 0.052 0.483 
FE2+ 1. 889 1. 861 2.186 1. 812 1. 658 1 • 417 1 • 717 1. 611 1. 976 2.661 2.496 1. 502 
HN 0.062 0.051 0.048 0.056 0.059 0.050 0.040 0.048 0.045 0.049 0.076 0.086 
MG 2.650 2.662 2.291 2.657 2.617 2.862 2.527 2.765 2.350 2.055 2.107 2.869 
CA 1. 743 1 .j:j66 1. 562 1. 492 1 • 667 1. 749 1 • fl41 1. 660 1. 752 1 . 926 1. 762 1 .6°3 
NA 0.133 0.157 0.120 0.115 0. 150 0.173 0.146 0. 166 0.214 0.089 0 .1ft 0.172 
K 0.021 0.025 0.016 0.01/ 0.004 0.012 0.013 0.009 0.014 0. 011 0.001 C.004 
H 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 
STRUCTURAL FORMULA 
z 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 B. 000 8.000 8.000 8.000 
y 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 
X 1. 976 2.000 1.984 1 .983 1 .996 1.988 1.987 1. 991 1. 986 2.000 1. 999 1. 996 
A 0.021 0.048 0.016 0.017 0.004 0.0~2 0.013 0.009 0.014 0.026 O.OOT 0.004 
11G-t40. 58.37 58.86 51.17 59.46 61.22 66.88 59.53 63.18 54.32 43.57 45' 78 65.64 
TABLE IU.2.2A ACTINOLITE (FIBROUS AMPHIBOLE) ANALYSES FROM POLUSAGI - CONT~D 
P271-1C P271-2A P272-1B P272-3A P276-1D P276-2D P276-2E P276-3B P276-2F P277-1B P277-2B P277 -2C 
WEIGHT 7. 
SI02 50.41 50.26 50.56 51 . 51 50.25 52.14 51.72 51.98 51.30 50.69 51.22 51.71 
TI02 0.27 0.40 0.14 0. 1 B 0.43 0.29 0.22 0.69 0.27 0.45 0.117 0.38 
AL203 4.40 3.68 3.57 4.05 4.08 2.50 3.08 4.04 2.84 2.25 1 .?6 1.65 
FE203 0.50 2. 71 1.13 0.00 3.90 2.02 1. 53 1. 70 3.13 4.53 2.39 2.50 
FEO 17.56 15.93 21.01 22.33 16.65 16. 10 16. 1 0 15.14 16.19 17.69 18.8:7 20.14 
HNO 0.33 0.24 0.53 0.47 0.32 0.28 0.24 0.29 0.27 0.39 0.51 0.47 
MGO 11 • 98 11.24 9.95 10.02 10.29 12.59 12.67 12.49 11 .69 10.73 10.84 1 0. 55 
CAO 9.64 11.18 8.76 8.49 11 • 1 9 1,. 06 1 0. 81 11 . 32 11 • 34 10.81 10.~:9 1 0. 41 
HA20 0.19 0.35 0.44 0.28 0.55 0.29 0.23 0.45 0.32 0.36 0.30 0.26 
K20 0.04 0.10 0.05 0.04 0.07 0.05 0.0'5 0.09 0.06 0 D 10 0.11 0.07 
H20 1. 99 2.00 1. 98 2.00 2.02 2.03 2.03 2.06 2.02 2.01 1. n 2.01 
TOTAL 97.31 98.09 98. 11 99.35 99.74 99.35 98.67 100.26 99.45 100.01 98.35 100. 16 
ATO"IC FORMULA - ON BASIS OF 24 OXYGENS AND 2 HYDROGENS 
SI 7.581 7.538 7.671 7.702 7.685 7.557 7.599 7.558 7.709 7.716 I 7.463 7.659 .c-
TI 0.031 0.045 0.016 0.020 0.048 0.032 0.025 0.076 0.030 0.051 0.054 0.043 0 N 
AL 0.781 0.651 0.639 0.713 0.715 0.435 0.538 0.693 0.496 0.396 0.313 0.290 I 
FE3+ 0.056 0.306 0.129 0.000 0.436 0.224 0. 171 0.186 0.349 0.509 0.271 0.281 
FE2+ 2.209 1. 998 2.665 2.792 2.069 1. 984 1 . 994 1 . 841 2.006 2.205 2. :ps 2.513 
IH4 0.042 0.031 0.068 0.059 0.040 0.035 0.030 0.036 0.033 0.049 0.065 0.060 
MG 2.684 2.513 2.249 2.232 2.27? 2.765 2.795 2.706 2.582 2.384 2 .. 431 2.345 
CA 1. 553 1. 796 1 • 423 1. 360 1. 780 1. 747 1 • 71 s 1. 763 1 . 1:' ') 0 1.727 1 .. 6?5 1 .664 
NA 0.054 0.103 0.131 0.081 0.159 0.083 0.065 0.127 0. 092 0.103 0 .. 088 0.074 
K 0.008 0.019 0.010 0.009 0.013 0.01(. 0.009 0.016 0.012 0.019 0 .. 020 0.014 
H 2.000 2.000 2.000 1. 996 2.000 2.000 2.000 2.000 2.000 2.000 2 .. 000 2.000 
STRUCTURAL FORMULA 
z 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8 .. 000 8.000 
y 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5,000 5.000 
X 1.992 1 . 981 1. 990 1. 960 1. 986 1. 990 1 • 991 1. 984 1. 988 1. 981 1 0 980 1.986 
A 0.008 0.019 0.010 0.009 0.013 0.010 0.009 0.016 0.012 0.019 0.020 0.014 
MG-NO. 54.86 55.70 45.77 44.43 52.40 58.22 58.37 59.52 56.28 51.95 50.58 48.27 
TABLE IV.2.2A ACTINOLITE !FIBROUS AMPHIBOLE> ANALYSES FROM POLUSAGI - CONT'D 
P277-2E P280-2A P280-3B P287-1A P287-2A 
WEIGHT 7. 
SI02 49.29 50.07 52. 11 48.28 48.81 
TI02 0.26 0. 41 0.42 0.52 0.31 
Al203 4.03 4.09 3.00 5.92 5.99 
FE203 4.62 1. 84 0.00 4.97 4.04 
FEO 19.04 16.01 19.06 11 . 69 12.72 
l'lNO 0.47 0.29 0.52 0.38 0.36 
HGO 9.70 11.76 10.37 13.66 13.27 
CAO 8.96 10.56 10.84 9.29 9.10 
NA20 0.59 0.29 0.34 0.37 0.47 
K20 0.08 0.06 0.05 0.04 0.03 
H20 1. 99 1. 99 2.00 2.01 2.01 
TOTAL 99.01 97.37 98.72 97.12 97.10 
ATOMIC FORMULA - ON BASIS OF 24 OXYGENS AND 2 HYDROGENS 
I 
.I>-
SI 7.443 7.534 7.785 7.201 7. 281 0 
w 
TI 0.029 0.047 0.047 0.058 0.035 I 
AL 0.718 0. 726 0.528 1 . 041 1. 054 
FE3+ 0.525 0.209 0.000 0.558 0.454 
FE2+ 2.404 2.015 2.382 1 • 458 1. 587 
HN 0.061 0.037 0.066 0.048 0.046 
MG 2.184 2.636 2.309 3.036 2.950 
CA 1. 449 1.702 1. 735 1 • 484 1 .454 
NA 0.172 0.084 0.100 0.108 0.135 
K 0.015 0. 011 0.009 v.ooa 0.005 
H 2.000 2.000 1. 995 2.000 2.000 
STRUCTURAL FORMULA 
z 8.000 8.000 8.000 8. 000 8.000 
y 5.000 5.000 5.000 5.000 5.000 
X 1. 985 1 • 989 1. 952 1. 992 1. 949 
A 0.015 0.011 0.009 0.008 0. 005 
MG-NO. 47.59 56.68 49.23 67.55 65.02 
TABLE IV.2.2B ~GREEN AMPHIBOLE' ANALYSES FROM POLUSAGI 
P239-1D P239-3A P239-3C P246-1C P246-2C P25S·-2D P25B-1B P258··-2B P273--1D P273-3A P2?'?B--1B P279B·-2C 
IJEIGHT % 
5102 52.93 52.30 52.86 52.27 52.94 51 . 06 50.58 49.88 51.32 47.56 53" 17 49.14 
TI02 0.57 0.68 0.37 0.89 0.70 o. 77 0.86 0.86 0.77 0.23 0 .. 06 0.56 
AL203 2.35 3.17 2.52 3.02 2.84 2. 71 3.52 3.66 5.44 7.42 2 .. 70 6.59 
FE203 5.52 5.58 4.21 6.06 6. 1 0 8.42 8.02 9.39 4.58 11.93 4 .?3 4.96 
FEO 8.84 8.16 10.95 5.26 5.19 8.69 10.47 10.90 9.88 3.97 7.?1 7.41 
MNO 0.34 0.28 0.44 0.20 0.20 0.32 0.41 0.41 0.28 0.30 0.22 0.22 
1160 15.68 15.42 14. 14 17.28 17.64 14.94 12.97 12.40 14.06 14.44 17.32 15.67 
CAO 11 • 17 11.27 11 • 06 11.55 11 • 52 9.40 10.01 8.96 10.72 10.24 1 0. 81 12.30 
WA20 0.76 0.85 0.87 0.81 0.72 1.13 t. 17 1. 41 0.99 2.07 0.54 1.35 
K20 0. 16 0.16 0. 15 0.23 0.18 0.18 0.24 0.26 0.05 0.12 0.02 0.08 
H20 2. tO 2.09 2.07 2. 1 t 2.12 2.07 ?.06 2.05 2.09 2.09 2. 'I 0 2.09 
TOTAL 100.40 99.96 99.65 99.67 t 00.15 99.69 100.33 100.18 100.19 100.37 99.38 100.37 
ATOKIC FORKULA - ON BASIS OF 24 OXYGENS AND 2 HYDROGENS 
I 
~ 
SI 7.564 7.492 7.652 7.436 7.480 7.402 7.354 7.298 7.353 6.827 7.590 7.035 0 ~ 
TI 0.061 0.073 0.041 0.095 0.074 0.084 0.094 0.094 0.083 0.025 0.006 0.060 I 
AL 0.396 0.535 0.430 0.506 0.473 0.463 0.604 0.632 0.920 1. 257 0.455 1.113 
FE3+ 0.594 0.602 0.459 0.649 0.649 0.919 0.878 1. 034 0.494 1. 288 0.508 0.535 
FE2+ 1 .056 0. 977 1. 326 0.626 0.613 1. 054 1. 274 1. 333 1 . 184 0.476 0.?21 0.887 
MN 0.041 0.034 0.053 0.024 0.024 0.040 0.050 0.050 0.034 0.037 0.026 0.026 
KG 3.339 3.292 3.051 3.664 3.714 3.227 2.810 2.703 3.002 3.090 3.686 3.343 
CA 1. 7:0 1.729 1 . 71 5 1 • 7 60 1. 744 1 • 461J 1 .559 1. 404 1 • 646 1. 576 1 .653 1 .886 
NA 0.210 0.236 0.246 0.222 0.197 0. ~17 0.331 0.401 0.274 0.576 0. "':JO 0.375 
K (.1.029 0.030 0.0~8 0.042 0.032 0.034 0.045 0.041 0.009 0.023 0.004 0.014 
H 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 
STRUCTURAL FORMULA 
z 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8. ~00 8.000 
y 5.000 5.000 5.000 4.999 5.000 5.000 5.000 5.000 5.000 '5.000 5.000 5.000 
X 1. 970 1.970 1.972 1. 983 1. 968 1.965 1 .955 1 . 951 1.989 2.000 I. 995 2.000 
A 0.029 0.030 0.028 0.042 0.032 0.034 0.045 0.049 0.009 0.174 0.004 0.275 
MG-NO. 75.97 77. 11 69.71 85.41 85.83 75.39 68.81 66.97 71.71 86.65 80.()1 79.02 
TABLE IV.2.2B 'GREEN AMPHIBOLE' ANALYSES FROM POLUSAGI - CONT'D 
P282-1A P282-2B P282-2C 
WEIGHT Z 
SI02 47.47 50.94 49.19 
TI02 1. 33 0.54 0.98 
AL203 6.82 4.84 5.74 
FE203 4.68 7.82 7.57 
FEO 1 2. 12 8.47 9.46 
MNO 0.23 0.27 0.32 
HGO 12. 12 13.77 12.52 
CAO 11 • 13 10.50 10.14 
NA20 1. 81 1. 31 1. 61 
K20 0.16 0.08 0.09 
H20 2.04 2.09 2.06 
TOTAL 99.91 100.63 99.69 
ATOMIC FORMULA - ON BASIS OF 24 OXYGENS AND 2 HYDROGENS 
SI 6.978 7.301 7.166 I .!:'-
TI 0.147 0.059 0.107 0 (J1 
AL 1. 182 0.817 0. 1787 I 
FE3+ 0.518 0.843 0.830 
FE2+ 1 • 490 1 . 015 1 .152 
HN 0.029 0.032 0.039 
MG 2.656 2.941 2.719 
;:A 1 • 753 1 • 613 1.583 
NA 0.515 0.364 0.455 
K 0.031 0.015 0.017 
H 2.000 2.000 2.000 
STRUCTURAL FORMULA 
z 8.000 8.000 8.000 
y 5.000 5.000 5.000 
X 2.000 1. 985 2.000 
A 0.298 0.015 0.054 
MG-NO. 64.06 74.34 70.23 
TABLE IU.2.2C BROUN AMPHIBOLE <HORNBLENDE! ANALYSES FROM POLIJSAGI 
P246-'!Al P246-1A2 P255-2E P255-3A P273-3B P279B-1 A P279B-2A P281-1A P281-1B P281·-2A P2a2-1B P282··2A 
lJEIGHT X 
SI02 43.98 44.35 43.46 44.18 45.48 42.86 42.81 47.25 47.26 47.41 44.80 44.51 
TI02 3.65 3.60 2.87 2.47 2.48 3.44 3.95 1. 79 1. 76 1. 88 3.20 3.38 
AL203 9.00 9.10 10. 17 9.01 7.41 10.69 10.12 5.44 5.26 5.49 9.36 9.69 
FE203 4.30 4.34 8.20 7.24 7.51 1. 93 0.00 8.79 9.44 10.06 2.93 4.35 
FEO 7.56 7.66 6.56 8.59 7.24 9.09 10.80 8.61 8.44 7.73 11.85 1 0. 51 
MNO 0.17 0.16 0.22 0.26 0. 11 0.17 0.15 0.21 0.22 0.24 0' 17 0.23 
MGO 14.79 14.75 13.24 12.44 13.95 14.42 13.97 13.36 12.85 13. 17 12 .. 00 12.22 
CAO 11 . 12 11 .15 10.52 10.39 9.96 11.98 12.15 9.80 1 0. 01 9.73 10.70 10.65 
NA20 2.81 2.77 2.59 2.46 2.76 2.65 2.59 2.74 1.85 2.23 2o64 2.51 
K20 0.35 0.38 0.20 0.21 0.51 0.61 0.49 0.20 0.24 0.24 0.24 0.28 
H20 2.05 2.07 2.06 2.03 2.05 2.05 2.02 2.05 2.04 2.06 2.04 2.05 
TOTAL 99.78 100.34 100.07 99.29 99.45 99.89 99.07 100.25 99.37 100.26 99.94 1 00.39 
ATOHIC FORMULA - ON BASIS OF 24 OXYGENS AND 2 HYDROGENS 
I 
SI 6.419 6.435 6.336 6.523 0.000 6.278 6.341 0.000 6.959 6.912 6.588 6.505 .1>-0 
TI 0.400 0.393 0.315 0.274 6.668 0.379 0. 440 6.908 0.195 0.207 0,354 0.371 0"-I 
Al 1 • 549 1. 557 1. 748 1. 570 0.273 1. 847 1.769 0.197 0.914 0.944 1, 624 1 .670 
FE3+ 0. 472 0.474 0.899 0.804 1 • 281 0.213 0.000 0.938 1 • 046 1 • 1 04 0 .. 324 0.479 
FE2+ 0.923 0.930 0.800 1 • 061 0.829 1.114 1. 338 0.967 1. 039 0.943 1 .. 458 1 .285 
MN 0.021 0.020 0.027 0.033 0.887 0.021 0.019 1. 053 0.027 0.030 0.022 0.029 
MG 3.216 3.190 2.875 2.736 0.014 3. 148 3.084 0.02~ 2.820 2.861 2" ~30 2.661 
CA 1. 740 1. 733 1. 643 1. 644 3.048 1. 880 1 .928 2.912 1 .579 1. 520 1 .. 687 1. 669 
NA 0.796 0.780 0.731 0.705 1. 564 0.753 0.743 1. 535 0.529 0.631 0.752 0.711 
K 0.066 0.070 0.038 0.039 0.785 0.114 0.092 0. 778 0.044 0.045 0 .. 044 0.052 
H 2.000 2.000 2.000 2.000 0.095 2.000 1. 999 0.038 2.000 2.000 2.000 2.000 
STRUCTURAL FORMULA 
.,. 8.000 8.000 8.000 8.000 2.000 8.000 8.000 2.000 8.000 8.000 8. 000 8.000 L 
y 5.000 4.999 5.000 5.000 8.000 5.000 4.990 8.000 5.000 5.000 4.999 5.000 
X 2.000 2. 000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 
A 0.602 0.583 0. 411 0.388 0.444 0.746 0.763 0.351 0.159 0.196 0.483 0. 432 
116-NO. 77.69 77.43 78.24 72.06 77.46 73.87 69.74 73.45 73.08 75.21 64.34 67.44 
IHDL~ 1V.£.JH LnLUnll~ HNHLIO~O r~un OH~HLI~ 
P50-1A P50-2A P50-2B P76-3A P91-1~. P93-3A P93-38 F'93·-3C P93-3D P93-1D P118·-1D P123-1C 
IJEIGHT Z 
SI02 29.00 28.08 28.55 30.05 28.60 27.03 27.13 28.56 28.32 29.81 29.16 28.81 
TI02 0.00 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.06 
AL203 16.52 16.78 16.83 17.45 16.81 17.90 17.88 16.19 16.35 14.75 15.?3 15.78 
FE203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.DO 0.00 
FEO 23.13 23.26 22.66 15.53 27.82 25.06 24.71 24.84 24.80 24.11 23. 1)2 25.55 
MNO 0.51 0.42 0.38 0.53 0.59 0.56 0.58 0.58 0.47 0.46 0.24 0.42 
MGO 17.53 17.39 1 7. 31 22.48 13.69 1 6. 15 15.84 16. 11 16.02 17.27 17.98 15.49 
CAO 0.27 0.32 0. 31 0.19 0.32 0.10 0.08 0.43 0.34 0. 41 0.17 0.52 
NA20 0.00 0.00 0.00 0.00 0.06 0.01 0.00 0.00 0.00 0.02 0.()0 0.02 
K20 0.01 0.02 0.01 0.01 0.01 0.01 0.00 0.05 0.05 0.04 0. 01 0.02 
H20 11.43 11 . 31 11.33 11.83 11.27 t 1 . 25 11.20 11 • 27 11 • 22 11 • 35 11 • ::i9 11 .23 
TOTAL 98.40 97.60 97.37 98.08 99.18 98.07 97.43 98.04 97.57 98.23 98.11 97.89 
ATOMIC FORMULA - ON BASIS OF 36 OXYGENS AND 16 HYDROGENS 
51 6.086 5.959 6.044 6.091 6.088 5.763 5.810 6.080 6.055 6.300 6. t 43 6.157 I 
TI 0.000 0.002 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.010 ~ 0 
AL VI 1. 914 2.041 1.957 1. 909 1 . 912 2.238 2.190 1. 920 1. 945 1. 700 1. B58 1 .843 -....! I 
AL IIJ 2.175 2.159 2.244 2.263 2.308 2.262 2.327 2.144 2.177 1. 976 2 JJS 1 2.133 
FE3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0. 000 0.000 
FE2+ 4.060 4.127 4. 011 2.634 4.953 4.467 4.426 4.422 4.435 4.262 4. I 26 4.567 
MN 0.090 0.076 0.069 o. 092 0.106 0.101 0.105 0.105 0.085 0.083 0. (l43 0.077 
MG 5.484 5.498 5.461 6. 792 4.342 5.132 5.055 5. 111 5.103 3.438 5.643 4.933 
CA 0.060 C.074 0.069 0.0'12 0.073 0.023 0.018 0.099 O.Oi9 0.094 0.040 0. 118 
NA 0.000 0.002 0.000 0.000 0.024 0.003 0.000 0.000 0.000 0.009 0.000 0.008 
I< 0.1)02 0.005 0.003 0.002 0.003 0.001 0.000 0.014 0.014 0.010 0. :~(i2 0.007 
H 16.000 16.000 16.000 16.000 16.000 16.000 16.000 16.000 16.000 16.000 16.000 16.000 
STRUCTURAL FORMULA 
z 8.000 8. 000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
y 11 . 871 11.943 11 . 948 11 . 824 11.813 11 . 989 11 . 932 11.895 11.891 1 1 . 871 11. 9()5 11.852 
HG-NO. 57.46 57.12 57.65 72.06 46.71 53.46 53.32 53.61 53.50 56.06 57.711 51.93 
TYPE BLUISH BLUISH BLUISH BROUN. GREEN. BLUISfl BLUISH GREEN. GREEN. GREEN. BLUISH GREEN. 
ZONE A A A A A A A A A A A A 
MIN. '!' NO NO NO NO NO NO NO NO NO NO NO NO 
F'124-1D P124-2C P155B-1A P161·-1D P161·-IH P168 1I P168-2F P183-·l B P183-IA P185A-1B P1E5A-2B P189-2B 
UEIGHT 4 
SI02 27.63 27.81 27.13 28.13 28.16 28.65 29.13 27.58 29.26 26.08 27,37 26.92 
TI02 0.00 0. 01 0.02 0.01 0.00 0.00 0.00 0.03 0.00 0.01 0.00 0.07 
Al203 17.35 17.56 18.96 15.82 16.36 15.78 15.27 17.41 13.57 18.06 17.12 21.12 
FE203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.34 0 .. 00 0.00 
FEO 25.93 25.73 25.21 27.56 27.08 26.39 26.06 25.05 25.77 29.33 29.18 22.32 
M!-40 0.36 0.36 2.06 0.37 0.34 0.42 0.42 0.34 0.19 0.83 0.00 2.05 
HGO 15.20 15.29 13.66 14.55 14.72 15.48 15.91 15.97 17.15 12.36 13.33 15. 19 
CAO 0.32 0.38 0.07 0.18 0. 19 0.21 0.27 0.21 0.14 0.21 0.,12 0.06 
NA20 0.00 0.00 0.05 0.00 0.00 0.01 0.00 0.00 0.00 0.08 0.00 0.00 
K20 0.01 0.01 0.07 0.02 0.02 0.02 0.02 0.01 0.00 0. 10 0 .. 01 0.15 
H20 11.22 11.29 11.24 11 . 1 0 11.17 11 . 22 11.26 11.25 11.10 11 • 01 11 o09 11 .52 
TOTAL 98.02 98.42 98.46 97.74 98.04 98.19 98.33 97.83 97.21 98.40 98 .. 22 99.40 
ATOKIC FORMULA - ON BASIS OF 36 OXYGENS AND 16 HYDROGEHS 
SI 5.908 5.912 5.791 6.081 6.049 6.126 6.206 5.883 6.305 5.682 5.922 5.605 
TI 0.000 0.001 0.003 0.001 0.000 0.000 0.000 0.004 0.000 0.001 0. 000 0.011 I 
-1'--
AL VI 2.092 2.088 2.~10 1 • 919 1. 951 1. 875 1. 794 2.117 1. 695 2.318 2 .. 078 2.395 0 CXl 
AL IV 2.283 2.314 2,565 2. 116 2. 194 2.105 2.042 2.263 1. 754 2.322 2 .. 289 2.789 I 
FE3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.055 o .. uoo 0.000 
FE2+ 4.636 4.574 4.501 4.984 4.865 4.717 4.644 4.469 4.643 5.344 5 .. :279 3.886 
MN 0.066 0.065 0. 372 0.067 0.063 0.076 0.076 0.062 0.035 0.154 0 .. 000 0.361 
MG 4.845 4.844 4.344 4.688 4.712 4.933 5.051 5.077 5.507 4.015 4.298 4.712 
CA O.fl74 0.087 0.01t 0.041 0.043 ').049 0.061 0.04i 0.032 0.048 11,0::'8 0.014 
NA 0.000 0.000 0.020 0.000 0.000 0.005 0.000 0.000 0.000 0.034 0 .. 000 0.000 
K 0.002 0.002 0.018 0.006 0.006 0.005 0.004 O.:l02 0.000 0.028 0.003 0.039 
H 16.000 16.000 16.000 16.000 16.000 16.000 16.000 16.000 16.000 16.000 16.000 16.000 
STRUCTURAL FORMULA 
7 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 '- 8.000 y 11.906 11.887 11 .839 11.904 11.881 11 .890 11 . 878 11 . 924 11.971 12.000 1 1. 897 11.812 
MG-NO. 51.10 51.43 49.11 48.47 49.20 51.12 52.10 53.18 54.25 42.90 44.88 54.80 
TYPE BLUISH BLUISH BLUISH GREEN. GREEN. GREEN. GREEN. BLUISH BLUISH GREEN. GREEN. BROIJN. 
ZONE A A B A A A A A A A A A 
11 IN. 'r NO NO YES NO NO NO NO NO NO YES YES YES 
TABLE IV.2.3A CHLORITE ANALYSES FROM BASALTS - CONT~D 
P204-1A P204-2A P211B-1A P2'12 .. ·1A P2'12·-2A P213-4D P252-1C P252-2C P276-2G P236-1 F P2P6--2E 
YEIGHT % 
SI02 28.46 28.51 27.14 27.38 27.41 29.43 28.59 26.84 28.31 27.20 27" 71 
TI02 0.04 0.02 0.04 0.02 0.03 0.00 0.03 0.01 o.oo 0.06 O"J2 
AL203 16.22 17.00 17.01 16.57 16.70 17.00 17.07 1 a. 61 17.96 16.92 16o90 
FE203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0. 00 
FEO 26.36 27.16 25.04 26.32 27.39 17.47 25.07 25.94 23.41 26.08 26u44 
MNO 0.34 0.34 0.66 1.13 1. 23 0.43 0.34 0.43 0.34 0.30 0 .. 44 
MGO 15.44 14.38 15.73 14.48 13.80 21.46 16.10 14.64 17.56 15.72 14 .. 87 
CAO 0.32 0.42 0. 13 0.14 0.09 0.21 0.~0 0.16 0.38 0.12 0 .. 56 
NA20 0.00 0.00 0.01 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0 .. 00 
K20 0.01 0.01 0.00 0.01 0.01 0.00 0.04 0.02 0.01 0.00 0.00 
H20 11.26 11 • 31 11 • 1 0 11.04 11.05 11 • 66 11.42 11. 19 11 . 55 11.14 1 L 19 
TOTAL 98.45 99.1 s 96.84 97.07 97.71 97.66 '79.21 97.83 99.52 97.5'5 98 .. , 5 
ATOMIC FORMULA - ON BASIS OF 36 OXYGENS AND 16 HYDROGENS 
SI 6.066 6.048 5.867 5.952 5.949 6.054 6.006 5.752 5.879 5.856 5.941 I ~ 
TI 0.006 0.003 0.006 0.003 0.005 0.000 0.004 0.001 0.000 0.010 0.004 0 \.0 
AL VI 1 • 934 1. 952 2.133 2.048 2.051 1. 946 1. 994 2.248 2.120 2.144 2.060 I 
Al IV 2.144 2.299 2.204 2.200 2.228 2.178 2.237 2.455 2.278 2. 151 2.214 
FE3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 (). ·000 
FE2+ 4.699 4.818 4.527 4.786 4.971 3.006 4.405 4.649 4.065 4.697 4.740 
MN 0.061 0.062 0.121 0.207 0.225 0.075 0.060 0.078 0.060 0.055 0.081 
I'IG 4.905 4.545 5.068 4.692 4.463 6.578 5.040 4.675 5.433 5.046 4.750 
CA 0. 072 0.096 0.029 0.032 0.022 0.047 0.112 0.036 0.085 0.027 0.130 
NA 0.000 0.000 0.004 0.000 0.000 0.000 0.023 0.000 0.000 0.000 0 .()00 
K 0.003 0.003 0.000 0.003 0.003 0.000 0.011 0.005 0.002 0.001 0.001 
H 16.000 16.000 16.000 16.000 16.000 16.000 15.999 16.000 16.000 16.000 1 6. ~00 
STRUCTURAL FORMULA 
z 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 B. 000 8.000 8.000 
y 11.891 11 • 826 11 • 960 11 • 923 11.911 11 • 884 11 • 892 11 .898 11.922 11.987 11.920 
MG-NO. 51.07 48.54 52.82 49.51 47.31 68.63 53.36 50.14 57.21 51.79 50. 0~~ 
TYPE GREEN. GREEN. BLUISH GREEN. GREEN. BROUN. BLUISH BLUISH BLUISH BlUISH BLUISH 
ZONE A A A A A A B B B B B 
MIN. ? NO NO YES YES YES YES NO NO NO NO NO 
IAHt !lJ.~.JI:! CHLUf<I!E ANALYSES FROM ANDESITES 
P108-1A P117-1A P133-1A P137-1A P142-'l A F''l47-1 AA F'147-2A P171·-1A P181-1B P202-2A P206-2C P224-1D 
lJEIGHT ! 
SI02 27.02 27.65 27. 13 26.23 27.70 28.93 28.86 27.17 28.03 28.51 27.88 27.54 
TI02 0.09 0.01 0.00 0.01 0.00 0.04 0.04 0.00 0.04 0.00 o.n 0.04 
AL203 18.09 17.03 17.44 18.49 18.38 19.73 19.44 18.47 16.80 16.85 16 .. 25 18.38 
FE203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FEO 27.17 25.86 26.88 30.27 22.44 16.29 17. 14 25.29 26.50 22.47 26 ... ~9 22.83 
MNO 1 • 45 0.40 1. 15 0.75 0.46 0.32 0.39 0.54 0.45 0.41 0 .. 43 0.33 
MGO 12.99 15.43 13.62 11.72 17.67 20.80 20.40 15.56 14.31 17.72 15 .. 21 17.51 
CAO 0.07 0.34 0.26 0.14 0. 11 0. 13 0. 11 0.14 0.23 0.15 0.33 0.08 
HA20 0.04 0.00 0.00 0.02 0.00 0.00 0.00 0.01 0.10 0.00 0.12 0.00 
K20 0.05 0.02 0.03 0.01 0.00 0.19 0.13 0.02 0.00 0.01 0.02 0.01 
H20 11. 11 11.20 11 • 06 11.03 11 • 44 11 • 82 11 .78 11 • 31 11 • 1 5 11 • 36 11. '17 11 • 42 
TOTAL 98.08 97.93 97.56 98.67 98.20 98.25 1'\(].28 98.50 97.62 97.48 98.12 98.16 
ATOMIC FORMULA - ON BASIS OF 36 OXYGENS AND 16 HYDROGENS 
SI 5.836 5.921 5.881 5.703 5.809 5.87'1 5.879 5.765 6.034 6. 023 5.988 5.788 I 
TI 0.014 0.001 0.000 0.001 0.000 0.006 0.006 0.000 0.007 0.001 0.003 0.007 +---1-' 
AL VI 2.164 2.080 2.119 2.297 2.191 2.129 2. 121 2.235 1 • 966 1.977 2. 001 2. 21 2 0 I 
AL IV 2.445 2.221 2.341 2.445 2.354 2.594 2.550 2.253 2.300 2.220 2. 114 2.344 
FE3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
FE2+ 4.909 4.632 4.874 5.505 3.936 2.765 2.920 4.488 4.770 3.970 4. ?94 4.012 
tiN 0.266 0.072 0. 211 0.138 0.082 0.056 0.067 0.096 0.083 0.074 0.077 0.060 
HG 4. 181 4. 923 4.400 3.798 5.523 6.290 6.19~ 4.919 4.591 5."i79 4.869 5.48~ 
CA 0.016 0.077 0.060 0.032 0.024 0.027 0.025 0.031 0.054 0.033 0.077 0.019 
NA 0.019 0.000 0.000 0.007 0.000 0.000 0.;)00 0.002 0.042 0.000 0.051 0.000 
K 0.013 0.004 0.009 0.004 0.000 0.050 0.034 0.005 0.000 0.003 O.C06 0.003 
H 16.000 15.999 16.000 16.000 16.000 16.000 16.000 16.000 16.000 16.000 16.000 16.000 
STRUCTURAL FORMULA 
z 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
y 11.861 11 • 931 11 • 894 11 . 930 11.919 11.787 11.796 11.800 11 • 847 11.879 1 1 • 9'i! 1 11.929 
11G-NO. 45.99 51.53 47.44 40.83 58.38 69.46 67.97 52.29 49.05 58.42 . 50.39 57.76 
TYPE BLUISH GREEN. GREEN. GREEN. BLUISH BROUN. BROUN. BLUISH GREEN. BLUISH GREEI~. BLUISH 
ZONE A A A A A A A B A B A B 
MIN. Y YES NO YES YES YES YES YES NO NO NO Nn Nn 
'"""~'-'..ll\.a. II- o·-.nnr.. 1 \JI-W I 1'\!.,"11 nl'tl,..'L.·.J.L I !...·.J r . .,..UI'( I J.l 
P224-2B P226-2B P243-1D P243-2D P244··-1A P245-1A P245-3A P248-·"IA P257-1C P257-2C P2~7-3B P263B--1 A 
WEIGHT % 
SI02 27.80 28.03 27.42 28.01 28.50 28.79 28.25 26.56 28.79 26.89 26.37 26.08 
TI02 0.09 0.00 0.02 0.04 0.02 0.02 0.00 0.00 0.03 0.00 0~03 0.09 
AL203 18.23 16.09 16.35 16.08 19.46 17.46 17.20 18.29 16.62 17.56 18~75 18.52 
FE203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.86 0 018 0.00 
FED 22.46 25.90 27.40 26.77 19.93 24.01 24.52 29.26 21.69 24.51 25 .. 93 26.77 
MNO 0.27 0.57 0.60 0.54 0.44 0.37 0.68 0.47 0.74 0.89 0 .. 84 0.72 
MGO 17. 13 14.82 14.87 15.02 19.69 16.90 16.70 12.62 1 a. s1 16.25 15" 18 13.32 
CAO 0.23 0.34 0.15 0.02 0.07 0.27 0. 1 1 0.24 0. 13 0.10 0 .. 08 0. 11 
f'4A20 0.01 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.02 0 .. 00 0.00 
K20 0.00 0.02 0.00 0.00 0.01 0.01 0.01 0.02 0.02 0.00 0 .. 1)1 0.01 
H20 11.37 11 • 06 11 • 1 0 11 . 12 11 • 82 11 • 51 11.40 11.09 11 • 4 4 11.26 11 .. 25 10.97 
TOTAL 97.59 96.84 97.92 97.64 99.94 99.34 98.88 98.54 97.97 98.35 98 .. 62 96.59 
ATOMIC FORMULA - ON BASIS OF 36 OXYGENS AND 16 HYDROGENS 
SI 5.862 6.077 5.927 6.042 5. 7at. 5.999 5.946 5.746 6.037 5.729 5.624 5.703 
TI 0.014 0.000 0.004 0.006 0.003 0.003 0.000 0.000 0.005 0.001 0.005 0.016 I 
.c-. 
AL VI 2.138 1. 923 2.073 1. 958 2.214 2.001 2.054 2.254 1. 963 2.271 2.376 2.297 ....... 
....... 
AL IV 2.396 2.192 2.094 2.134 2.446 2.290 2.216 2.413 2.146 2. 1 41 2.341 2.479 I 
FE3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.139 0.029 0.000 
FE2+ 3.961 4.697 4.954 4.828 3.384 4.185 4.316 5.295 3.804 4.367 4.626 4.897 
MN 0.049 0.105 0.109 0.099 0.076 0.066 0.122 0.086 0. 131 0. 161 0.152 0.134 
HG 5.385 4.789 4.790 4.828 5.956 5.248 5.239 4.069 5.786 5. 161 4.:826 4.342 
CA 0.052 0.079 0.036 0.004 0.015 0.060 0 025 0.055 O.O~J 0.023 0. ·:>18 0. 025 
NA 0.002 0.000 0.000 0.013 0.000 0.000 0.000 0.000 0.000 0.008 0. ·:>01 0.000 
K 0.001 0.007 0.001 1).000 0.003 0.003 0.002 0.005 0.004 0.001 0.0(\2 0.003 
H 15.'1'99 16.000 16.000 16.000 16.000 16.000 16.000 16.000 16.000 15.999 16.000 16.000 
STRUCTURAL FORMULA 
z 8.000 8.000 8.000 8. 000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
y 11.859 11.869 11 . 987 11.913 11.883 11.854 11 • 920 11.923 11. 906 12.000 12.000 11 . 895 
MG-NO. 57.62 50.48 49.16 50.00 63.77 55.64 54.83 43.45 60.34 54. 17 51.05 46.99 
TYPE BLUISH GREEN. GREEN. GREEN. BROUN. BLUISH BLUISH GREEN. BLUISH BLUISH BLUISH BLUISH 
ZONE B A A A B B B B B B B B 
MIN. ? NO NO NO NO YES NO NO NO YES YES YES YES 
TABLE IV.2.3C CHLORITE ANALYSES FROM DACITES 
P163-1A P203-1A P247-1A 
WEIGHT % 
SI02 27.56 26.96 28.09 
TI02 0.01 0.00 0.06 
Al203 17.77 17.61 1 a. 12 
FE203 0.00 0.00 0.00 
tEO 24.85 31 . 15 21. 11 
MNO 0.65 0.84 1. 17 
HGO 14.85 10.97 17.37 
CAO 0.13 0.30 0.09 
NA20 0.00 0.04 0.02 
K20 0.02 0.04 0.00 
H20 11 . 1 6 11 • 02 11 .39 
TOTAL 97.01 98.92 97.42 
ATOMIC FORMULA - ON BASIS OF 36 OXYGENS AND 16 HYDROGENS 
SI 5.927 5.871 5.914 I 
TI 0.002 0.000 0.009 .!>->--' 
AL VI 2.073 2.129 2.086 N I 
AL IV 2.435 2.394 2.415 
FE3+ 0.000 0.000 0.000 
FE2+ 4.469 5.674 3.717 
MN 0. 11 8 0.155 0.209 
MG 4.760 3.562 5.4'51 
t:A 0.030 0.069 0.020 
NA 0.002 0.017 0.010 
K 0.006 ~.010 0.001 
H 16.000 16.000 16.000 
STRUCTURAL FORMULA 
z 8.000 8.000 8.000 
y 11.821 11.881 11.832 
MG-NO. 51.58 3!3.57 59.45 
TYPE BLUISH GREEN. BLUISH 
ZONE B A B 
MIN. ? NO YES YES 
1111.,'1.~'- .~ov • .._ .. ...,J..• ' . ..-IIL.UI\lTL. Mllii!ML.I.:::1l:...iJ ri,\JI"I Ut10D"U.:J 
P239-1B P239-3E P246-3B P258-1C P258-2D P258-3B 
WEIGHT i. 
5102 29.01 29.11 30.20 29.53 30.20 29.59 
TI02 0.00 0.00 0.00 0.01 0.01 0. 01 
AL203 16.79 16.97 15.90 15.44 14.07 15.44 
FE203 o.oo 0.00 0.00 0.00 0.00 0.00 
FEO 19.99 18.34 15.42 20.37 19.81 19.85 
MNO 0.29 0.28 0. 14 0.46 0.31 0.48 
l'tGO 20.39 20.68 23.75 19.95 20.96 20.19 
CAO 0.16 0.25 0.17 0.23 0.13 0.21 
NA20 0.02 0.03 0.00 0.03 0.01 0.00 
K20 0.02 0.02 0.01 0.00 0.00 0.00 
H20 11.59 11 • 56 11 .75 11.47 11.44 1 I .47 
TOTAL 98.25 97.24 97.34 97.48 96.94 97.24 
ATOMIC FORMULA - ON BASIS OF 36 OXYGENS AND 16 HYDROGENS 
SI 6.005 6.040 6.167 6.1?8 6.333 6.191 I ~ 
TI 0.000 0.000 0.000 0.001 0.002 0.002 1-' w 
AL VI 1. 995 1. 960 1. 833 1. 822 1. 667 1.809 I 
AL IV 2. 104 2. 193 1. 995 1. 989 1. 812 2.000 
FE3+ 0.000 0.000 0.000 0.000 0.000 0.000 
FE2+ 3.461 3.183 2.634 3.566 3.475 3.473 
MN 0.051 0.049 0.025 0.082 0.056 0.086 
HG 6.289 6.395 7.228 6.221 6.550 6.295 
CA C.035 0.056 0.037 0.052 0.029 0.047 
NA 0.008 0. 011 0.000 0. 011 0.004 0.000 
I{ 0.004 0.005 0.0(..3 0.001 0.000 0.001 
H 16.000 16.000 16.000 16.000 16.000 16.000 
STRUCTURAL FORMULA 
z 8.000 8.000 8.000 9.000 8.000 8.000 
i y 11 . 952 11 .892 11.921 11 • 922 11 • 928 11.903 
MG-NO. 64.50 66.77 73.29 63.57 65.34 64.45 
TYPE BROYN. BROUN. BROUN. BROUN. BRO!.IN. BROWN. 
ZONE B B B B B B 
MIN. 7 NO NO NO NO NO NO 
P240-2C P240-3C P264A-3A P264A-3B P264A-4B P264A-4C P270-1A P274·-1 A 
UEIGHT ! 
SI02 27.19 27.45 25.61 25.35 26.49 26.35 26.52 25.71 
TI02 0.02 0.06 0.03 0.14 0.02 0.03 0.00 0.04 
AL203 17.69 17.93 20. 11 19. 61 17.74 17.70 16.84 17.68 
FE203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FEO 24.25 24.47 27.46 30.48 28.44 30.05 30.72 32.52 
HNO 0.60 0.59 0.19 0.29 0.28 0.33 0.34 0.53 
MGO 16. 16 15. 11 12.59 10.30 12.52 11.18 10.49 9.30 
CAO 0.16 0.36 0.12 0.23 0.15 0.16 0.33 0.07 
NA20 0.00 0.16 0.00 0.00 0.00 0.01 0.00 0.00 
K20 0.01 0.03 0.01 0.05 0. 01 0.02 0.07 0.01 
H20 11.20 11. 21 11 • 04 10.88 10.90 10.82 10.70 10.65 
TOTAL 97.29 97.39 97.15 97.32 96.56 96.65 96.02 96.52 
ATOMIC FORMULA - ON BASIS OF 36 OXYGENS AND 16 HYDROGENS 
SI 5.822 5. 877 5.564 5.591 5.830 5.840 5.948 5.790 I -~" 
TI 0.003 0.010 0.004 0.024 0.003 0.005 0.000 0.007 t-' -~" 
AL VI 2.178 2.123 2.436 2.409 2.170 2.160 2.052 2.210 I 
AL l'J 2.290 2.406 2.717 2.692 2.434 2.466 2.403 2.484 
FE3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0 .. 000 
FE2+ 4.343 4.382 4.990 5.621 5.234 5.572 5.763 6.124 
MN 0.109 0.108 0.035 0.053 0.053 0.062 0.065 0.102 
MG 5.159 4.823 4.079 3.386 4.107 3.692 3.506 3.120 
CA 0.038 0.083 0.029 0.'053 0.035 0.038 C.078 0.017 
NA 0.000 0.068 0.000 0.000 0.000 0.006 0.000 0.000 
K 0.002 0.009 0.004 0.014 0.004 0.005 0.020 0.004 
H 16.000 16.000 16.000 16.000 15.999 16.000 16.000 16.000 
SiRUCTURAL FORMULA 
z 8.000 8.000 8.000 8.000 B.OOO 8.000 8.000 8.000 
y 11.942 11 . 888 11.857 11 . 843 11 • 868 11.847 11.834 11 • 858 
HG-NO. 54.29 52.39 44.98 37.59 43.97 39.86 37.83 33.75 
TYPE BLUISH BLUISH GREEN. GREEN. GREEN. GREEN. GREEN. GREEN. 
ZONE B B B B B B B B 
MIN. ? NO NO NO NO NO NO NO NO 
TABLE IV.2.4A PLAGIOCLASE ANALYSES FROM BASALTS 
P66-2D P93-1C P93-2C P93-2D P123-1B P123-2B P124-1C P124-2B P140-1C P140-1D P161-1I P185A-1 
IJEIGHT % 
SI02 68.16 67.84 68.16 67.22 69.16 68.51 69.68 69.77 68.34 68.15 68.80 68.46 
TI02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 ~). 00 0.00 
AL203 19.69 19.81 19.64 19.98 19.02 19.23 19.21 19.08 19.37 19.77 1 -~. 76 20.40 
FED 0.09 0.10 0.23 0.36 0.11 0. 18 0. 12 0.18 0. 11 0.13 ~) . 11 0.12 
MNO 0.00 0.01 0.04 0.02 0.02 0.04 0.04 0.04 0.01 0.05 o.oo o.oo 
MGO 0.03 0.03 0.05 0.15 0.02 0 ,1)2 0.00 0.05 0.05 0.04 r) .04 o.oa 
CAO 0.62 0.31 0.44 0.23 0. 21 0.21 0.15 0.20 0.30 0.64 ) .51 0.85 
NA20 11 • 8 3 11.76 11.82 11.33 11 • 27 12.02 11 .36 11 • 41 1 0. 91 11.25 11 .so 1 0. 33 
1<20 0.08 0. 11 0.10 0.10 0.06 0.08 0.09 0.12 0.09 0.12 'J.16 0.12 
TOTAL 100.51 99.96 100.48 99.39 99.86 100.29 100.65 100.84 99.17 100.1 s 10~1.90 100.35 
ATOMIC FORMULA - ON BASIS OF 8 OXYGENS 
I 
""" SI 2.972 2. 971 2.974 2.961 3.019 2.992 3.018 3.019 3.003 2.977 2.983 2.973 1-' \,;1 
TI 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 {) .ooo 0.000 I 
AL 1. 013 1. 023 1. 010 1. 038 0.979 0.990 0.981 0.974 1. 004 1. 019 1 • 01 0 1 .045 
FE 0.003 0.004 0.009 0.013 0.004 0.007 0.004 0.007 0.004 0.005 ().005 0.005 
MN 0.000 0.000 0.002 0.001 0.001 0.001 0.001 0.002 0.000 0.002 0.000 0.000 
MG 0.002 0.002 0.003 0.010 0.001 0.002 0.000 0.003 0.003 0.003 0.002 0.005 
CA 0.029 0.014 0.021 0. 011 0.010 0.010 0.007 0.009 0.014 0.030 0.024 0.039 
NA 1. 000 0.999 1. 000 0.968 0.954 1. 018 0.954 0.957 0.930 O.Y53 0.967 0.87(J 
K 0.005 0.006 0.006 0.006 0.003 0.004 o.oos 0.007 0.005 0.007 0.009 0.006 
MOLECULAR PROPORTIONS 
AN 2.82 1. 40 1. 99 1.11 0.99 0.96 0.74 0.94 1. 4? 3.03 2.38 4.30 
AB 96.73 97.98 97.47 98.33 98.65 98.61 98.76 98.39 97.98 96.30 96.72 95.00 
OR 0.45 0.62 0.53 0.56 0.35 0.43 0.50 0.67 0.55 0.66 0.90 0.70 
DESCRIPTION 
ZONE A A A A A A A A A A A A 
MIN. ? YES YES YES YES NO NO NO NO YES YES NO YES 
TABLE IV.2.4A PLAGIOCLASE ANALYSES FROM BASALTS - CONT/D 
P188-1A P188-2A P252-1D P252-2D P25J-2C P25J-3F P276-2C P286-'IE P286·-2D 
I.IEIGHT ! 
SI02 69.01 68.16 67.58 68.62 69.99 68.94 68.35 67.78 68.90 
TI02 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
AL203 20.03 19.68 19.59 19.70 19.28 19.25 19.58 18.79 19.76 
FEO 0.10 0.33 0.06 0.01 0.11 0.13 0.06 0.84 0.09 
MNO 0.03 0.00 0.00 0.00 0.04 o. o:3 0.04 0.02 0.02 
MGO 0.03 0. 13 0.00 0.00 0.04 0.0:2 0.02 0.59 0.01 
CAO 0.94 0.75 0. 11 0.21 0.12 0.09 0.72 0.71 0.33 
JIIA20 10.30 10.54 11 .88 11 a 39 11.23 11.87 10.96 11.15 11 • 44 
K20 0.43 0.51 0.02 0.04 0.06 o.o:s 0.22 0.09 0.07 
TOTAL 100.88 1 00. 11 99.24 99.97 100.89 100.41 99.95 99.97 100.63 
ATOMIC FORMULA - ON BASIS Of 8 OXYGENS 
51 2.986 2.980 2.978 2.993 3.021 3.001 2.988 2.9?9 2.990 I 
.t:--
TI 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1-' 0' 
AL 1. 022 1. 015 1.018 1 .013 0.982 0.989 1 .009 0.974 1 . 011 I 
FE 0.004 0.012 0.002 0.001 0.004 0.005 0.002 0.031 0.003 
MN 0.001 0.000 0.000 0.000 0.002 0.001 0.001 o. 001 0.001 
HG 0.00.2 0.009 0.000 0.000 0.003 0.001 0.001 0.039 0.001 
CA 0.044 0.035 0.005 0.010 0.00'6 0.004 0.034 0.033 0. 01 5 
NA 0.864 0.894 1. 015 0.963 0.940 1. OOl 0.930 0.950 0.4162 
K 0.024 0.028 0.001 0.002 0.003 0.005 0.012 0.005 0. 004 
MOLECULAR PROPORTIONS 
AN 4.70 3.69 0.53 1. 03 0.60 0.40 3.46 3.38 '1.57 
AB 92.74 93.37 99.37 98.73 99.07 99.16 95.29 96.13 98.06 
OR 2.56 2.94 0. 11 0.24 0.33 0.44 1. 25 0.49 0.37 
DESCRIPTION 
ZONE A A B B B B B B B 
MIN. ? YES YES NO NO NO NO NO NO NO 
TABLE IV.2.4B PLAGIOCLASE ANALYSES FROM ANDESITES 
P82-1A P82-3A P104-tB P104-1C F'1 04--1D F'112-1 A P"I41-1B P142-1[1 P171·-2A P171-2B P'I71·-3A P205-1A 
UEIGHT % 
SI02 67.85 67.55 68.14 68.25 68.54 67.54 68.11 68.10 68.89 68.81 611. 61 69.33 
TI02 0.05 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.00 0.02 0.00 
AL203 19.39 20.45 19.25 19.40 19.25 19.86 19.76 18.70 19.53 19.49 19.28 19. 16 
FEO 0.25 0.09 0.07 0.07 0.06 0.09 0.40 0.37 0.18 0. 14 G.23 0.08 
MNO 0.05 0.00 0.05 0.02 0.02 0.00 0.04 0.00 0.02 0.00 0.00 0.04 
MGO 0.02 0.00 0.01 0. 01 0.00 0.02 0. 1 1 0.06 0.05 0.01 C.06 0.02 
CAO 0.59 0.35 0.20 0.24 0.1? 0.31 0.36 0.08 0.14 0.16 C:.22 0. 10 
NA20 11.42 11 • 7 4 11 • 82 11.98 11 • 81 11 • 78 11 • 01 11 • 70 11 . 72 11.94 1 .l 0 61 11 • 46 
K20 0.15 0.09 0.07 0. 11 0.10 0.07 0.09 0.05 0.07 0.06 0.06 0.08 
TOTAL 99.78 100.27 99.60 100.09 99.96 99.68 99.88 99.05 100.62 1 00.61 100.09 100.27 
ATOMIC FORMULA - ON BASIS OF 8 OXYGENS 
SI 2.980 2.950 2. 992 2.986 2.998 2.967 2.980 3.008 2.993 2.992 '2.997 3.015 I ~ 
TI 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 c. 001 0.000 
,...... 
-...J 
Al 1. 004 1. 053 0.997 1 . 001 0.993 1 .029 1 .020 0.974 1 .000 0.999 0.993 0.983 I 
FE 0.009 0.003 0.003 0.003 0.002 0.003 0.015 0.014 0.007 0.005 0.009 0.003 
MN 0.002 0.000 0.002 0.001 0.001 0.000 0.002 0.000 0.001 0.000 c.ooo 0.001 
HG 0.002 o.ooo 0.001 0.000 0.000 0.002 0.007 0.004 0.004 0.001 C.004 0.001 
CA 0.028 0.016 0.010 0.012 0.008 0.015 0.017 0.004 0.007 0.007 0.010 0.005 
NA 0.973 0.994 1. 007 1 . 017 1.002 1. 003 0.934 1 • 002 0.987 1. 007 0.983 0.961 
K 0.008 0.005 0.004 0.006 0.006 0.004 0.005 0.003 0.004 0.003 0.004 0.005 
MOLECULAR PROPORTIONS 
AN 2.74 1.60 0.93 1. 11 0.78 1.43 1.78 0.38 0.67 0.71 1. 03 0.49 
AB 96.42 97.91 98.68 98.29 98.65 98.17 97.67 99.35 98.96 98.95 99.61 99.05 
OR 0.83 0.49 0.39 0.60 0.57 0.41 0.55 0.28 0.37 0.34 0.36 0.46 
DESCRIPTION 
ZONE A A A A A B A A B B B A 
I'IIN. ? YES YES NO NO NO NO NO NO NO NO NO NO 
TABLE IV.2.4B PLAGIOCLASE ANALYSES FROM ANDESITES - CONT'D 
P205-1B P205-2A P205-2B P206-1A P206-1B P206·-2A P206-2B P216-1A P224-'l A P224-2A P2:M-1 A P226-1B 
WEIGHT % 
5102 68.55 68.49 68.74 67.82 68.02 68.0·4 68.79 68.04 67.44 68.48 67.24 67.52 
TI02 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.00 o .. oo 0.00 
AL203 1 9. 51 19.20 19.28 19.27 19.32 19.63 19.28 18.67 19.57 19.69 20.08 20.03 
FEO 0.13 0.13 0.23 0.04 0.17 0.0? 0.04 0.53 0.24 0.12 0.08 0.07 
MNO 0.02 0.01 0.01 0.02 0.03 0.02 0.03 0.03 0.02 0.05 0 .. 01 0.00 
MGO 0.02 0.03 0.00 0.03 0.00 0. OrO 0.00 0.14 0.06 0.05 0 .. 03 0.00 
CAO 0.17 0.00 0.02 0.31 0.37 0.22 0.20 0.41 0.35 0.17 1 .. 08 0.96 
NA20 11.66 11.89 11 .87 11 • 80 12.00 11 . 8? 11.62 11.40 12.28 10.74 11 "34 11 .23 
K20 0.07 0.08 0.08 0. 11 0.10 0.0? 0.06 0.12 0.05 0.16 0" 13 0.18 
TOTAL 100.14 99.83 100.24 99.39 100.02 99.92 100.03 99.33 100.04 99.47 100" 00 100.00 
ATOMIC FORMULA - ON BASIS OF 8 OXYGENS 
I 
SI 2.992 2.999 2.999 2.987 2.982 2.980 3.003 3.002 2.962 2.998 2 .. 950 2.959 .j:'-1-' 
TI 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0 .. 000 0.000 co I 
AL 1. 004 0.992 0.992 1 • 001 0.999 1 • 014 0.992 0. 972 1. 014 1. 017 1 .. 039 1. 035 
FE 0.005 0.005 0.008 0.002 0.006 0.002 0.002 0.020 0.009 0.004 0 .. 003 0.003 
MN 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0. 002 0 .. 001 0.000 
MG 0.002 0.002 0.000 0.002 0.000 0.000 0.000 0.009 0.004 0.003 0 .. 002 0.000 
CA 0.008 0.000 0.001 0.014 0.018 0.010 0.009 0.019 0.017 0.008 0.051 0.045 
NA 0.987 1 • 01 0 1 • 004 1 .007 1.020 1. 008 0.984 0.975 1. 046 0.912 0 .. 965 0.954 
I< 0.004 0.004 0.005 0.006 0.005 0.004 0.004 o.no7 0.003 0.009 0 .. 007 0.010 
MOLECULAR PROPORTIONS 
AN 0.79 0.01 0. 11 1. 41 1. 6/ 1. 00 0.94 1 • 91 1.56 0.84 4 .. 97 4.49 
AB 98.82 99.56 99.44 98.02 97.81 98.60 98.70 97.42 98.19 98.20 94 .. 31 94.51 
OR 0.39 0.43 0.46 0.58 0.52 0.40 0.36 0.66 0.25 0.96 0.72 1.01 
DESCRIPTION 
ZONE A A A A A A A B B B ,A A 
1'1 IN. ? NO NO NO NO NO NO NO NO NO NO NIO NO 
TABLE IV.2.4B PLAGIOCLASE A~ALYSES FROM ANDESITES - CONT'D 
P226-2A P243-'IC P243--2C P245-1B P245-1C F'245-1D P245-'l E P245-2A P245-2B P245 .. -2C P:~45·-3E P245 .. ·3F 
WEIGHT Z 
5!02 67.42 68.26 67.76 69.78 68.51 68.96 69.37 68.06 67.90 67.73 6B.88 68.83 
TI02 0.00 0.00 0.45 0.04 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.02 
AL203 20.43 19.50 19.02 18.96 19.42 19.32 19.64 19.58 19.49 19.49 1 9. 1 9 19.46 
FEO 0.09 0.46 0.64 0.01 0.09 0.00 0.03 0.06 0.08 0.14 0.20 0.07 
MNO 0.00 0.02 0.04 0.00 0.00 0.()0 0.00 0.00 0.03 0.02 ().02 0.04 
MGO 0.02 0.18 0.14 0.00 0.06 0.()0 0.00 0.01 0.03 0.05 Oo05 0.13 
CAO 1.19 0.56 0.76 0.14 0.19 0.10 0. 15 0.38 0.28 0.40 0.39 1. 20 
NA20 1 t. 28 10.87 11.22 11.43 10.99 11 . 26 11 .28 11.80 11.76 11.83 11.00 10.55 
K20 0. 1 0 0.20 0.17 0.08 0.76 0.08 0.12 0.10 0.15 0.15 0.57 0.08 
TOTAL 100.53 100.05 100.20 100.44 100.02 99.73 100.59 100.00 99.73 99.81 1 00 0 31 100.38 
ATOMIC FORMULA - ON BASIS OF 8 OXYGENS 
I 
SI 2.941 2.985 2.972 3.026 2.997 3 .0'12 3.005 2.980 2.981 2.975 :3.004 2.993 J:-. ....... 
TI 0.000 0.000 0.015 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 "' I 
Al 1 0 051 1. 006 0.984 0.970 1. 002 0.995 1.004 1 • 011 1. 009 1 . 01 0 0.987 0.998 
FE 0.003 0.017 0.024 0.000 0.003 0.000 0.001 0.002 0.003 0.005 0.008 0.003 
lUI 0.000 0.001 0.002 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.002 
MG 0.001 0.012 0.009 0.000 0.004 0.000 0.000 0.001 0.002 0.003 0.003 0.009 
CA 0.056 0.026 0.036 0.007 0.009 0.005 0.007 0.018 0.013 0.019 C.(l~B 0.056 
NA O.-i55 0.922 0.954 0.961 0.932 0.954 0.947 1. 002 1 • 001 1. 007 0.931 0.890 
K 0.005 0. 011 0.009 0.004 0.042 0.005 0.007 O.OOf 0.008 0.008 ~~.032 0.004 
MOLECULAR PROPORTIONS 
AN 5.46 2.75 3.57 0.69 0.93 0.51 0.74 1.75 1.27 1.83 1.85 5.90 
All 94.01 96. 1 1 95.50 98.87 94.76 99.01 98.55 97.70 97.91 97.36 94.90 93.64 
OR 0.53 1.15 0.93 0.44 4.32 0.48 0.71 0.56 0.81 0.81 3.25 0.47 
DESCRIPTION 
ZONE A A A II B B II B B B B B 
MIN. ? NO YES YES NO NO NO NO NO NO NO NO NO 
TABLE IU.2.4B PLAGIOCLASE ANALYSES FROM ANDESITES - CONT'D 
P245-3G P248-1C P257-2A P289···1 C P289-2B 
biEIGHT % 
SI02 68.80 69.70 68.08 68.33 68.16 
TI02 0.11 0.00 0.01 0.00 0.00 
AL203 19.12 19. 16 19.41 19.29 19.32 
FEO 0.08 0.08 0.33 0.05 0.05 
fiNO 0.06 0.48 0.00 0.02 0.03 
MGO 0.04 0.04 0.05 0.00 0.00 
CAO 0.43 0.20 0.07 0.18 0.22 
NA20 10.87 10.75 11.47 11.57 11 • 66 
K20 0.24 0.08 0.06 0.06 0.06 
TOTAL 99.76 100.49 99.47 99.51 119.51 
ATO~IC FORHULA - ON BASIS OF 8 OXYGENS 
I 
SI 3.009 3.022 2.99'1 2. 999 2.994 .p.. N 
T T 0.004 0.000 0.000 0.000 0.000 0 ' ~ I 
AL 0.986 0.980 1 .006 0.998 1 .001 
FE 0.003 0.003 0.012 0.002 0.002 
MN 0.002 0.018 0.000 0.001 0.001 
116 0.003 0.003 0.003 0.000 0.000 
CA 0.010 0.009 0.003 0.009 0.010 
NA 0.922 0.904 0.977 0.985 0.993 
K (\.013 0.005 0.003 0.003 o. oo:3 
MOLECULAR PROPORTIONS 
AN 2.13 1. 00 0.35 0.86 1.01 
AB 96.49 98.51 99.33 98.79 98.68 
OR 1. 37 0.49 0.32 0.35 0.32 
DESCRIPTION 
ZONE B B B B B 
HIN. ? NO NO NO NO NO 
TABLE IV.2.4C PLAGIOCLASE ANALYSES FROM DACITES 
P143-1A P203-1B P218-3B P247-2A 
UEIGHT ! 
SI02 69.48 67.97 68.55 68.70 
TI02 0.02 0.01 0.01 0.00 
AL203 19.34 20.62 19.42 19.08 
FEO 0.10 0.32 0.03 0.02 
MNO 0.03 0.02 0.02 0.00 
MGO 0.06 0.08 0.00 0.02 
CAO 0.32 0.89 0.12 0.22 
NA20 11 . 31 11 0 4 0 12.22 11 • 31 
K20 0.07 0.18 0.14 0.10 
TOTAL 100.73 101. so 100.50 99.45 
ATOMIC FORHULA - OM BASIS OF 8 OXYGENS 
I 
SI 3.009 2.940 2.987 3.012 ~ N 
TI 0.001 0.000 0.000 0.000 ...... I 
Al 0.988 1. 052 0.998 0.9137 
FE 0.004 0.012 0.001 0. 001 
MN 0.001 0.001 0.001 0.000 
MG 0.004 0.005 0.000 0.002 
CA 0.015 0.041 0.006 0.010 
NA 0.949 0.956 1 • 032 0.962 
K 0.004 0.010 0.008 0.006 
MOLECULAR PROPORTIONS 
AN 1.55 4.11 0.55 1.05 
AB 98.05 94.90 98.71 98.38 
OR 0.40 0.99 0.73 0.57 
DESCRIPTION 
ZONE A A B B 
MIN. ? NO YES NO NO 
TABLE IV.2.4D PLAGIOCLASE ANALYSES FROM GABBROS 
P246-2B P246-3A1 P246-3A2 P246-3A3 P258-2E P258-3E P277·-2F 
WEIGHT % 
SI02 58.48 60.70 58.78 67.95 65.71 65.39 68.07 
TI02 0.04 0.04 0.03 0.00 0.00 0.00 0.00 
AL203 25.82 24.13 25.77 19.28 21 • 60 21 . 71 19.73 
FEO 0.44 0.41 0.41 0.23 0.25 0.32 0.16 
l'lNO 0.03 0.00 0.03 0.00 0.00 0.01 0.04 
MGO 0.13 0. 11 0.09 0.25 0. 01 0.00 0.03 
CAO 8.57 7.35 8.54 0.54 3.21 3.30 0.67 
NA20 6.34 7. 72 7.09 11.18 8. 81 8.48 11 .46 
po 0.27 0.34 0.26 0.13 0.24 0.18 O.OB 
TOTAL 100.13 100.80 100.99 99.56 99.83 99.40 "1()0.24 
ATOMIC FORMULA - ON BASIS OF 8 OXYGENS 
I 
.!> 
SI 2.617 2.694 2.614 2.986 2.8138 2.885 2.974 N N 
TI 0.002 0.002 0.001 0.000 0.000 0.000 0.000 I 
AL 1. 362 1. 263 1.352 0.999 1 • 120 1. 130 1 • 017 
FE 0.017 0.015 0.015 0.009 0.009 0.012 0.006 
11N 0.001 0.000 0.001 0.000 0.000 0.000 0.002 
I'IG 0.009 0.007 0.006 0.016 0.001 0.000 0.002 
CA 0. 411 0.349 0.407 0.025 0. 151 0.156 0.031 
NA 0.551 0.664 0. 611 0.953 0.751 0.725 0. 971 
K 0.015 0.019 !).015 0.007 0.013 0.010 0.004 
MOLECULAR PROPORTIONS 
AN 42.07 33.82 39.41 2.58 16.51 1 7. 51 3. 11 
AB 56.37 64.30 59.15 96.70 82.04 81.34 96.46 
OR 1.56 1. as 1. 44 0.72 1. 45 1.15 0.43 
DESCRIPTION 
ZONE B B B B B B B 
MIN. '? NO NO NO NO NO NO NO 
TABLE IV.2.4E PLAGIOCLASE ANALYSES FROM PLAGIOGRANITES 
P240-1A P240-2A P240-2B P240--3A P254·-1 A P264A-1A P264A-2A P264A-3C P264A-3D P264A-4A P2~1 0-1 B P274-3A 
IJEIGHT % 
SI02 68.40 68.99 68.97 69.23 68.74 69.17 68.67 67.79 68.88 69.23 68 .. 40 69.49 
TI02 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0 .. 00 0.00 
AL203 19.30 19.32 19.11 19.63 19.08 19.51 19.27 19.32 19.15 19.72 19_.39 19.41 
FEO 0.02 0.03 0.04 0.01 0.00 0.01 0.03 0.05 0.04 0.00 0 .. 00 0.00 
MNO 0.00 0.01 0.03 0.01 0.02 0.02 0. 01 0.01 0.03 0.00 0 .. 00 0.00 
MGO 0.02 0.00 0.02 0.00 0.00 0.00 0.03 0.00 0.02 0.00 0 .. 00 0.00 
CAO 0.08 0. 11 0.12 0.12 0.07 0.09 0.13 0.08 0.08 0.08 0.05 0.06 
NA20 12.00 11.99 11 .83 11 . 80 10.71 11.97 11.77 12.00 11 • 57 11.93 11 '68 11 • 56 
K20 0.06 0.05 0.05 0.06 0.08 0.03 0.04 0.04 0.03 0.01 0.05 0.04 
TOTAL 99.88 100.52 100.17 100.85 98.70 100.81 99.94 99.31 99.80 100.98 99.56 100.56 
ATOMIC FORHULA - ON BASIS OF 8 OXYGENS 
I 
SI 2.994 3.000 3.007 2.997 3.026 2.998 3.001 2. 1187 3.011 2.994 2 .. 998 3. 011 ~ N 
TI 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0 .. 000 0.000 w I 
AL 0.997 0.991 0.983 1. 002 0.990 0.997 0.993 1 • 004 0.987 1 .006 1 c 002 0.992 
FE 0.001 0.001 0.002 0.000 0.000 0.001 0.001 0.002 0.002 0.000 0.000 0.000 
MN 0.000 0.000 0.001 0.000 0.001 0.001 0.000 0.001 0.001 0.000 0.000 0.000 
MG 0.001 0.000 0.001 0.000 0.000 0.000 0.002 0.000 0.001 0.000 0,,000 0.000 
CA 0.004 0.005 o.oos 0.005 0.003 0.004 0.006 0.004 0.004 0.004 0.002 0.003 
NA 1. 019 1 . 0 11 1 • 001 0.991 0.914 1 • 006 0.997 1. 026 0.980 1 . 001 0.993 0.972 
K 0.004 0.003 0.003 0.003 0.005 0.002 0.002 0.002 0.002 0.001 0,003 0.002 
HOLECULAR PROPORTIONS 
AN 0.36 0.49 0.54 0.53 0.37 0.40 0.'59 0.37 0.39 0.35 0 0 21 0.29 
AB 99.29 99.24 99.20 99. 14 99.14 99.44 99.19 99.41 99.42 99.60 99.53 99.46 
OR 0.35 0.27 0.26 0.33 0.49 0.16 0.22 0.22 0.18 0.05 0.26 0.25 
DESCRIPTION 
ZONE B B B B B B B B B B E: B 
HIN. ? NO NO NO NO NO NO NO NO NO NO NCI NO 
TABLE IV.2.5A EPIDOTE ANALYSES FROM BASALTS 
P193-1A P210-1B P211B-1A P211B-2A P252--1E P276·-1B P276-2B P287-1B 
UEIGHT % 
SI02 37.52 38.27 37.41 37.91 37.56 38.43 39.13 39.56 
TI02 0.08 0.04 0.02 0.01 0.20 0.14 0.46 0. 11 
AL203 22.46 23.94 18.74 19.80 23.13 22.10 24.41 22.40 
FE203 13. 16 11.83 16.46 14.63 12.84 12.49 8.07 10.64 
FEO 0.62 1. 38 2.10 2.38 0.00 0.91 2.26 2.18 
MNO 0.28 0.29 0.00 0. 11 0.18 0.12 0.08 0.13 
MGO 0.04 0.00 0.01 0.02 0. 11 0.47 NO 0.41 
CAO 22.55 22.62 21.89 21 • 95 23.69 22.74 22.39 22.33 
NA20 0.05 0.00 0.00 0.00 0.02 0.03 0.04 0.13 
K20 0.01 0.01 0.02 0.01 0.01 0.00 0.00 0.02 
H20 1.86 1.89 1.82 1.84 1. 88 1.87 1.89 1.89 
TOTAL 98.63 100.27 98.48 98.66 99.63 99.29 99.23 99.80 
I 
+:--
ATOMIC FORMULA - ON BASIS OF 13 OXYGENS AND 1 HYROGEN N +:--
I 
SI 3.030 3.029 3.080 3.097 2.999 3.075 3.096 3.139 
TI 0.005 0.002 0.001 0.000 0.012 0.008 0.028 0.006 
AL 2.140 2.234 1. 820 1. 908 2.177 2.086 2.278 2.097 
FE3+ 0.800 0.704 1 .020 0.900 0. 771 0.752 0.480 0.635 
FE2~ 0.042 0.091 0.145 0.163 0.0~0 0.061 0.149 0.145 
MN 0.019 0.019 0.000 0.008 0.012 0.008 0.005 0.009 
l'iG 0.005 0.000 0.001 0.003 v.Ot4 0.057 0.0!';9 0.049 
CA 1 • 951 1 • 918 1 . 931 1. 922 2.026 1. 950 1. 898 1 .899 
NA 0.008 0.000 0.000 0.000 0.003 0.004 0.006 0.020 
K 0.001 0.001 0.002 0. 001 0.001 0.000 0.000 0.002 
PS % 27.21 23.97 35.91 32.04 26.1 b 26.50 17.41 23.25 
ZONE B A A A B B B B 
MIN. ? NO YES YES YES NO NO NO NO 
TABLE IV.2.5B EPIDOTE ANALYSES FROM ANDESITES 
P80-1B P133-1B P170B-1A P171-1B P171-3C P184·-1 B P202-1A F'215·-1A P216-1B P220-1A P224-1B P224-1C 
YEIGHT '% 
SI02 37.86 37.56 37.37 37.70 37.63 38.46 37.62 37.10 38.72 38.12 36.97 37.16 
TI02 0.09 0.43 0.25 0.17 0.23 0. 11 0.23 0. 10 0. 11 0.26 0.35 0.01 
AL203 18.23 20.16 23.43 21.82 21 . s~~ 22.25 22.17 21.74 21.42 21.75 22.02 22.86 
FE203 16.47 16.76 12.60 15.21 15.21 12.03 12. 71 15.17 12.29 12.66 14.95 13.88 
FEO 0.00 0.00 0.00 0.00 0.00 1. 65 1. 53 0.93 2.61 1. 87 0.00 0.00 
MNO 0.25 0.30 0.89 0.56 0.51 0.19 0.17 0.60 0.96 0.28 0. 15 0.03 
MGO 1. 71 0.09 0.24 0.12 0.39 0.04 0.08 0.34 0.02 0.07 0.04 0.00 
CAO 22.68 23.21 22.44 23.03 22.35 22.35 22. 11 21.40 21 • 48 22.23 22!.54 23.72 
NA20 0.01 0.05 0.03 0.03 0.10 0.12 0.05 0.01 0.08 0.04 0.01 0.00 
K20 0.02 0.00 0.03 0.00 0.01 0.02 0.01 0.01 0.01 0.01 0.00 0.00 
H20 1. as 1.87 1. 87 1.88 1.87 1.87 1. 85 1.86 1. 87 1.86 1.87 1.87 
TOTAL 99.18 100.42 99.14 100.53 99.87 99.09 98.52 99.26 99.57 99.14 99.91 99.53 
I 
ATOHIC FORMULA - ON BASIS OF 13 OXYGENS AND 1 HYROGEN ~ f',.) 
\J1 
I 
SI 3.077 3.016 2.995 3.006 3.016 3.087 3.045 2.998 3.113 3.071 2.967 2.979 
TI 0.006 0.026 0.015 0.010 0.014 0.007 0.014 0.006 0.007 0.016 0.021 0.001 
AL 1. 747 1. 909 2.214 2.052 2.038 2.106 2.116 2. 072 2.031 2.067 2.084 2.162 
FE3+ 1 .007 1 .013 0.760 0.913 0.918 0.727 0.774 0.922 0.743 0.768 0 .. 903 0.837 
FE2+ 0.000 0.000 0.000 0.000 0.000 0. 111 0.104 0.063 0.176 0.126 0.000 0.000 
f'IN 0.017 0.021 0.061 0.038 0.035 0.013 0.011 0.041 0.065 0.019 C.010 0.002 
HG 0.208 0.010 0.028 0.014 0.047 0.005 0.010 0.041 0.002 0.008 ().,005 0.000 
CA 1. 975 1 • 997 1. 927 1. 967 1 . 919 1 . 923 1 . 917 1 .853 1 • a so 1 • 919 2 .. 025 2.038 
r.IA 0.001 0.008 0.005 0.005 0.016 0.019 0.008 0.002 0.012 0.006 01 .. 002 0.000 
K 0.002 0.000 0.003 0.000 0.001 0.002 0.001 0.002 0.001 0.001 0 .. 000 0.000 
PS '% 36.57 34.67 25.55 30.79 31 • OS 25.65 26.78 30.80 26.79 27.08 30n24 27.92 
ZONE A A A B B A B B B B B B 
11IN. ~ NO YES YES NO NO NO NO NO YES NO llO NO 
!ABLE IV.2.5C EPIDOTE ANALYSES FROM ANDESIIES (1--6) AND DACIIES <7-12) 
P248-1 [I P256-1B P257-1A P257-1B f'257-2B P257-3A P211A-1A P211A-2A P218·-2A P218·-1 B F'2'18-2A P218-3A 
IJEIGHT 7. 
SI02 39.09 37.97 37.16 37.74 37.67 37.82 37.35 37.70 37.01 37.22 37.06 38.06 
TI02 0.13 0.04 0.22 0.06 0.00 0.03 0.06 0.02 0.14 0.20 0.14 0.08 
AL203 22.49 20.54 20.58 22.19 22.30 22.52 19.73 20.17 21.54 22.01 21 .58 24.22 
FE203 12.23 15.85 16.66 14.59 14.34 13.23 16.19 15.71 14.48 14.72 15,89 13.87 
FEO 0.58 0. 17 0.00 0.05 0.46 0.32 1. 91 1. 63 0.29 0.00 0 .. 19 0.47 
MNO 0.19 0.06 0.27 0.54 0.24 0.26 0.20 0.36 0.56 0.44 0 .. 56 0.18 
MGO 0.03 0.09 0.13 0.09 0. 10 0.08 0.03 o.oo 0. 11 0.06 0" 11 0.07 
CAO 23.85 23.19 22.82 22.74 22.58 22.67 21.65 22.07 22.34 22.88 22 .. 34 23.01 
NA20 0.06 0.09 0.03 0.07 0.06 0.12 0.03 0.01 0.00 0.01 0 .. 00 0.00 
K20 0.01 0.02 0.01 0.00 0.01 0.01 0.01 0.01 0.00 o.oo 0 .. 00 0.00 
H20 1. 90 1.87 1. 86 1.88 1. 87 1. 87 1.84 1.85 1. 84 1.86 1 .. 86 1.92 
TOTAL 100.57 99.88 99.74 99.95 99.62 98.93 99.01 99.52 98.30 99.41 99.73 101.89 
I 
.,.. 
ATOMIC FORMULA - ON BASIS OF 13 OXYGENS AND 1 HYROGEN N 0'\ 
I 
SI 3.087 3.052 3.001 3.017 3.019 3.040 3.051 3.057 3. 014 2.996 2.985 2.972 
TI 0.008 0.003 0.013 0.004 0.000 0.002 0.004 0.001 0.008 0.012 0.008 0.005 
AL 2.095 1.947 1. 960 2. 092 2.108 2.135 1 • 901 1. 929 2.069 2.089 2.051 2.231 
FE3+ 0.727 0.959 1 • 013 0.878 0.865 0.801 0.995 0.959 0.887 0.892 0.963 0.815 
FE~+ 0.039 0. 01 1 0.000 0.003 0.')31 0.022 0. 13~ 0. 11 0 0.020 1).000 0.013 0.031 
MN 0.013 0.004 0.019 0.036 0.017 0.018 0.014 o. 025 0.039 0.030 0.038 0.012 
MG 0.004 0.011 0.016 0. 011 0. 01 ., 0.010 0.004 0.000 0. 011 0.007 0.013 0.008 
CA 2.018 1.998 1. 975 1. 948 1.939 1. 953 1 • 895 1 • 917 1. 950 1. 974 1. 928 1. 926 
NA 0.010 0.014 0.004 0. 011 0.010 0.019 0.004 0.001 0.000 0.002 0.000 0.000 
K 0.001 0.002 0.001 0.000 0.001 0.001 0.001 0.001 0.000 0.000 0.000 0.000 
PS % 25.76 32.99 34.06 29.56 29.10 27.27 34.36 33.20 30.01 29.91 31.96 26.76 
ZONE B B B B B B A A B B B B 
tUN. ? NO NO YES YES YES YES YES YES NO NO NO NO 
TABLE IV.2.5D EPIDOTE ANALYSES FROH GABBROS (1·-2) AND PLAGIOGRANITES (3-8) 
P239-1E P272-1A P240-1B P240-1C F'240-3B P254-1 C P274-2A P254-2B 
UEIGHT % 
SI02 37.92 37.84 37.12 36.88 37.44 38.63 37.25 38.49 
TI02 0.00 0.06 0.02 0.13 0.07 0.01 0.14 0.24 
AL203 22.65 21.50 21.33 20.32 23.83 20.25 22.31 20.19 
FE203 14.07 15.12 15.42 16.47 11 • 83 14.32 14.88 13~57 
FEO 0.00 1. 48 0.00 0.00 0.00 1. 96 0.00 2.37 
11NO 0.15 0.09 0.16 0.03 0.54 0. 1 0 0. 11 0.08 
HGO 0.60 0.10 0.08 0.00 0. 11 0.04 0.00 0.14 
CAO 22.84 22.20 22.82 23.08 22.63 22.31 23.03 22.19 
NA20 0.03 0.03 0.08 0.05 0.14 0.13 0.04 0.06 
K20 0.01 0. 01 0.03 0.01 0.03 0.02 0.00 0.01 
H20 1. 89 1.87 1.85 1.84 1.87 1.86 1.87 1.85 
TOTAL 100.15 100.31 98.92 98.81 98.49 99.63 99.64 99.21 
I 
~ 
ATOMIC FORMULA - ON BASIS OF 13 OXYGENS AND 1 HYROGEN N 
" I 
SI 3.013 3.029 3.009 3.007 3.001 3.113 2.989 3.114 
TI 0.000 0.004 0.001 0.008 0.004 0.001 0.009 0.015 
AL 2.122 2.029 2.039 1. 954 2.259 1. 925 2. 111 1 .927 
FE3+ 0.841 0. 911 0.941 1 . 0 11 0.716 0.869 0.898 0.827 
FE2+ 0.000 0.099 o.ooo 0.000 0.00(1 0.132 0.000 ~. 1 s 1 
HN 0.010 0.006 0. 011 0. 002 0.037 0.007 0.008 0.006 
MG 0.071 0.012 0.009 0.000 0.013 0.005 0.001 0.017 
CA 1. 945 1. 904 1. 982 2.016 1. 949 1. 927 1. 980 1 .924 
NA 0.004 0.004 0.013 0.007 0.022 0.020 0.006 0.009 
K 0.001 0.002 0.003 0.001 0.003 0.002 0.000 0.002 
PS % 28.39 30.98 31.57 34.10 24.06 31 • 1 0 29.84 30.06 
ZONE B B B B B B B B 
IUN. ? HO NO NO NO NO NO NO NO 
TABLE IV.2.6A PREHNITE ANALYSES FROM BASALTS 
P118-2C P118-2D P161-1G P182B-3A P182B-3B P182B·-3C P213-1A P213-1B P213-2A P213-2B P2~52-2E P271··1A 
UEIGHT X 
5!02 42.64 42.81 42.94 42.37 42.97 42.82 42.26 42.99 42.70 42.52 42 .. 80 43.17 
TI02 0.07 0.01 0.01 0.00 0.00 0.00 0.07 0.09 0.13 0.04 0 .. 05 0.00 
AL203 21 • 16 21 • 52 20.95 21.35 21.16 20.22 19.14 20.63 18.48 18.97 21 .. 20 22.47 
FE203 4.00 3. 73 2.80 3.80 2.36 2.76 6.33 2.50 6.99 5.03 4. 11 0.00 
FEO 0.00 0.00 0.00 0.00 0.96 1.36 0.26 1. 93 0.76 1.59 0 .. 00 2.00 
MNO 0.00 0.00 0. 02 0.12 0.17 0.17 0.08 0.29 0.01 0.01 0.04 0.06 
MGO 0.40 0.34 0.27 0. 1 2 0.00 0.00 0.05 0.08 0.04 0.04 0.50 0. 31 
CAO 26.32 27.40 26.53 26.35 25.96 26.17 25.90 25.37 25.94 25.22 26.63 24.85 
NA20 0.13 0.07 0.0!5 0.03 0.04 0.04 0.06 0.05 0.06 0.03 0.12 0.00 
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
H20 4.27 4.31 4.22 4.24 4.22 4.20 4.19 4.21 4.21 4.16 4.30 4.21 
TOTAL 98.99 100.20 98.71 98.37 87.83 97.72 98.33 98.13 99.32 97.62 99.74 97.06 
I 
ATOMIC FORMULA - ON BASIS OF 24 OXYGENS AND 4 HYDROGENS .t:-N 
00 
I 
SI 6.003 5.965 6.093 6.001 6.106 6. 122 6.048 6. '116 6.072 6.125 5.986 6.133 
TI 0.007 0.002 0.001 0.000 0.000 0.000 0.008 0.009 0.014 0.004 0 .. 005 0.000 
AL 3.512 3.536 3.504 3.564 3.545 3.407 3.229 3.461 3.098 3.222 3.496 3.764 
FE3+ 0.424 0.391 0.298 0.405 0.252 0.297 0.681 0.267 0.748 0.'545 0.432 0.000 
FE2+ '1.000 0.000 0.000 0.000 0. 1 1 4 0, H3 0.031 0.230 0.090 0.192 o.ooo 0.237 
HN 0.000 0.000 0.003 0.014 0.020 0.020 0.010 0.034 0.001 0.001 0,005 0.007 
116 0.085 0.070 0.')58 0.024 0.000 0.000 0.010 0.016 0.008 0.009 0 .. 103 0.065 
CA 3.970 4.091 4.034 3.998 3.9'52 4.008 3.971 3.868 3.953 3.893 3.991 3. 779 
NA 0.035 0.020 0.013 0.008 0.010 0. 011 0.002 0.012 0.016 0.009 0 .. 033 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0 .. 001 0.002 
H 4.010 4.012 4.002 4.005 4.000 4.008 4.001 4.004 4.000 4.000 4 .. 015 3.997 
TABLE IV.2.6B PREHNITE ANALYSES FROM GABBROS 
P239-iA1 P239-1C P239-2B P239·-3B P246-2A P258··-3C P258·-3D P273-2A 
~.!EIGHT % 
5102 43.31 43.27 43.54 43.62 43.50 43.17 42.66 42.92 
TI02 0.08 0.02 0.00 0.00 0.01 0.02 0.04 0.04 
AL203 21.30 20.40 19.28 21.90 23.16 22.62 20.08 24.03 
H203 4.14 6.14 6. t 1 3.50 1. 11 1. 08 4.44 0.30 
FEO 0.04 0.00 0.52 0.00 0.00 1.17 0.85 0.00 
MNO 0.09 0.05 o.ot 0.02 0.00 0.05 0.08 0.02 
MGO 0.29 0.78 0. t 2 0.39 0.16 0.42 0.08 0.11 
CAO 26.37 26.06 26.43 26.76 26.78 25.25 25.35 26.26 
NA20 0.05 0.05 0.07 0.04 0.09 0.04 0.16 0. 11 
K20 0.01 0.01 0.01 0.01 0.02 0.00 0.00 0.03 
H20 4.30 4.33 4.28 4.34 4.32 4.26 4.20 4.27 
TOTAL 99.80 101.10 100.38 100.59 99.13 98. 14 97.94 98.10 I 
~ 
N 
ATOMIC FORMULA - ON BASIS OF 24 OXYGENS AND 4 HYDROGENS \.0 I 
Sl 6.034 5.995 6.097 6.026 6.047 6.071 6.089 6.018 
TI 0.008 0.002 0.000 0.000 0.001 0.002 0.005 0.004 
AL 3.499 3.333 3.184 3.567 3.795 3.751 3.379 3.971 
FE3+ 0.434 0.640 0.644 0.364 0.116 0.1'14 0.477 0.003 
FE2+ C.004 0.000 o.c~o 0.000 0.000 0.137 0.102 o.oco 
tiN 0.010 0.006 0.002 0.002 0.000 0.006 0.010 0.003 
MG 0.059 0. 161 1).026 0.080 0.034 0. 101 0.017 0.023 
CA 3.936 3.869 3.966 3.961 3.989 3.805 3.877 3.945 
NA 0.013 0.013 0.020 0.012 0.024 0. 011 0.044 0.030 
K 0.003 0.001 0.002 0.002 0.003 0.000 0.000 0.006 
H 4.000 4.006 4.000 4.004 4.002 4.000 4.000 4.009 
TABLE IV.2.7 PUMPELLYITE ANALYSES FROM BASALTS 
P76-2A P76-2B P76-3B P76-3C P213-3A P213-4A P213-4B P213-4C P271··-1 B 
IJEIGT% 
5102 38.08 37.78 38.10 38.22 38.19 37.12 35.98 36.32 37.86 
TI02 0.02 0.03 0.03 0.03 0.06 0.04 0.01 0.03 0.03 
AL203 22.21 21.98 19.87 22.12 22.70 19.88 19.01 19.38 22.56 
FE203 3.81 s. 1 6 8.13 4.28 2.87 8.44 9.37 8.99 3.22 
FEO 5.94 4.87 4.59 4.99 9.37 3.43 2.65 2.91 9.03 
MNO 0.14 0.23 0.20 0. 18 0.51 0. t 3 0.10 0.08 0.20 
t'IGO 2.16 2.15 2.16 2.29 0.09 2.28 2.33 2.61 0.42 
CAD 21.69 22.39 21.56 22.52 22.03 22.57 22.38 22.08 21.37 
NA20 0.06 0.04 0.42 0.07 0.01 0. 12 ';.08 0.08 0. 11 
K20 0.01 0.00 0.01 0.00 0.00 0.07 0.00 o.oo 0.02 
H20 6.47 6.50 6.47 6.53 6.50 6.37 6.25 6.30 6.45 
TOTAL 100.58 101.13 101.52 101.23 102.33 100.75 98. 1 1 98.79 1 01 . 25 
I 
..,.. 
ATOHIC FORMULA - ON BASIS OF 28 OXYGENS AND 7 HYDROGENS w 0 
I 
SI 6. 163 6.098 6.169 6.137 6. 161 6.077 6.039 6.043 6.157 
TI 0.003 0.004 0.004 0.004 0.007 0.005 0.001 0.004 0.004 
AL 4.237 4.182 3.794 4.188 4.317 3.837 3.763 3.803 4.325 
FE3+ 0.464 0.627 0.991 0.537 0.348 1.040 1 • 184 1.126 0.394 
FE2+ C.80'5 0.657 0.621 0. 671 1. 264 0_46CI 0.371 0.405 1 .228 
HN 0.019 0.031 0.027 0.025 0.070 0.018 0.014 0.011 0.028 
HG 0.522 0.516 0.520 0.548 0.021 0.556 0.583 0.647 0.1 01 
CA 3.762 3.873 3.740 3.874 3.808 3.958 4.018 3.936 3.725 
NA 0.019 0.013 0.130 0.023 0.003 0.039 0.026 0.024 0.035 
K 0.002 0.000 0.002 0.000 0.001 0.002 0.000 0.000 0.004 
H 6.988 7.000 7.000 7.003 7.000 7.000 7.000 7.000 7.000 
STRUCTURAL FORMULA 
z 6.163 6.098 6.169 6.137 6."161 6.077 6.039 6.043 6.157 
'( 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 
X 2.000 2.000 1 . 957 1 .973 2.000 1. 925 1 • 916 1 • 996 2.000 
" 
3.833 3.903 3.872 3.897 3.849 3.999 4.044 3.960 3.844 
TABLE IV.3.1 PYRITE ANALYSES FROM POLUSAGI 
P72C-1 P72C-2 P72C-3 P72C-4 P132·-1 B P132-7B P150-1 P150·-2 P150-3 P150-4 P208E-1 P208E-2 
WEIGHT % 
FE 46.12 46.34 45.74 46.31 45.83 45.96 46.93 47.24 47.56 47.13 46.69 46.31 
s 52.57 52.75 53.84 52.54 52.99 52.60 52.81 52.93 52.91 52.78 52 .. 45 52.97 
co 0.10 0. 11 0.13 0. 11 0.13 0.13 0.13 0. 11 0. 13 0. 11 0. 10 0.09 
NI 0.01 0.00 0.00 0.00 o.oo 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MN 0.00 0.00 0.01 0.00 0.00 0.00 0.10 0.00 0.04 0.00 0 .. 00 0.00 
cu 0.08 0.07 0.00 0.09 0.34 0. 34 0.05 0.04 0.07 0.05 o.os 0.10 
ZM 0.01 o.oo 0.00 0.01 0.02 0.02 0.02 0.03 0.00 0.07 0.04 0.09 
SE 0.16 0.02 0.26 0.00 0.38 0.37 0.00 0.14 0.29 0.19 0 .. 00 0.03 
TOTAL 99.05 99.29 99.98 99.06 99.69 99.42 100.04 100.49 101.00 100.33 99 .. 33 99.59 I 
..s::-
w 
t--' 
I 
P208E-3 P208E-4 P208E-S P209-1 P209-2 P209-3 P209-4 P209-5 0210A-1A P21 OA-Hl P210A-2A P210A-2B 
UEIGHT % 
FE 47.16 46.33 46.23 47.32 46.40 46.21 46.60 46.83 47.31 46.85 46.89 47.04 
s 52.68 52.86 52.82 52.71 52.78 52.68 52.40 52.78 52.87 52.57 52 .. 84 52.93 
co 0. 11 0. 11 C.13 0.13 0.12 0.10 0. 15 0.19 0. 12 0.12 01., 14 0.13 
NI 0.02 0.00 0.01 0.00 o.oo c.oo 0.01 0.00 0.01 o.oo 0.03 0.00 
HN 0.02 c .I) 1 0.04 0.02 1).04 0.07 0.00 0.00 0.00 G.OO 0.00 0.00 
cu 0.02 0.16 0.39 0.06 0.02 0.04 0.06 0.01 0.15 0.03 0.10 o.oo 
ZN o.oo 0.06 0.06 0.00 o.oo 0.12 0.00 0.00 0.28 0.43 0.07 0.01 
SE 0.09 0.00 0.13 0.18 0.07 0.07 0.12 o.oo 0.00 0.00 0.12 0.00 
TOTAL 1 00. 1 0 99.53 99.81 100.42 99.43 99.29 99.34 99.81 100.74 100.01 1 00 .. 19 1 00. 11 
TABLE 1V.3.1 PYRITE ANALYSES FROM POLUSAGI - CONT'D 
P210A-3A P210A-4A P210A-49 0211-1 P211-2 P211-3 P211·-4 P211A-1 P211A-2 P211B-1 P211B-2 P211B-3 
YEIGHT % 
FE 46.48 46.81 47.00 46.60 47.94 46.69 46.43 47.00 47.06 46.86 47.16 47.27 
s 52.38 52.88 52.77 52.99 51.14 52.48 52.61 52.27 52.43 52.82 52.?7 52.22 
co 0. 11 0. 13 0. 12 0. 13 0.13 0.1 s 0.14 0.13 0.13 0. 11 0 .1)9 0.16 
NX 0.02 0.02 o.oo 0.01 0.00 0.00 0.00 0.01 0.01 0.03 o .. oo 0.01 
MN 0.00 0.00 0.17 0.05 0.03 0.06 0.03 0.01 0.01 0.00 0.00 0.00 
cu 0.01 0.00 0.04 0.07 0.07 o.oa 0.37 0.06 0.14 0.25 0.22 0.06 
ZN 0.03 0.03 0.00 0.06 0.04 0.03 0.05 0.00 0.36 0.00 0.04 0.02 
SE 0.13 0.10 o.oo 0.00 0.05 0.32 0. 1 1 0. 18 o.oo 0.00 0 .. 04 0.28 
TOTAL 99.16 99.97 100.10 99.91 99.40 99.81 99.74 99.66 100.14 100.07 100 .. 32 100.02 I 
~ 
w 
N 
I 
P211B-4 P211B-5 P211B-6 P211B-7 P211B-8 P211B-9 P211B-1 P212-3A P212-3B P212-3C P212-3D P212-4A 
tJEIGHT % 
FE 46.98 46.12 46.30 42.86 46.79 46.45 43.82 47.20 46.33 47.04 46.49 47.25 
s 52.52 52.76 52.82 50.20 52.90 52.86 51 • 30 52.51 52.53 52.76 52.84 52.96 
co 0.10 0.12 0. 11 0. 12 0.13 0.15 0.12 0.06 0.13 0.12 0 a 11 0.12 
NI 0.00 0.01 o.oo 0.01 0.00 0. OCI 0.01 o.oo 0.\11 0.00 0.03 v.OO 
HN 0.01 0.01 0.00 0.25 0.01 0.00 0.29 0.00 0.13 0.00 0.00 0.00 
cu ~.16 0.19 0.13 0.44 0.07 0.21 0.24 0.06 0.58 0. 11 Oo 19 0.07 
ZN 0.00 0.03 0.05 5.25 0.05 0.00 3.58 0.00 0.24 o.oo 0,04 0.00 
SE 0.06 0.14 0.01 0.00 0.09 0.24 0. 10 0.00 0.00 o.oo 0 010 0.00 
TOTAL 99.83 99.38 99.42 99.13 100.04 99.91 99.46 99.83 99.95 100.03 99.80 1 00.40 
TABLE IV.3.1 PYRITE ANALYSES FROM POLUSAGI ·- CONT·'D 
P212-4B P212-5A P212-6A P213'8-1 P213B-2 P213B-3 P268B·-1 P268B-2 P268B·-3 P268B-4 P26BB-5 P268B-6 
lJEIGHT % 
FE 47. 14 46.40 46.40 47.33 46.54 46.52 46.52 46.17 46.53 46.15 46.00 46.52 
s 53.00 52.67 53.10 52.86 52.92 52.72 52.64 52.91 52.85 53.13 52.}0 53.15 
co 0. 11 0.16 0.12 0. 11 0.12 0.13 0.13 0.12 0.12 0.09 0.10 0.10 
Nl 0.00 0.09 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,:00 0.00 
11N o.oo 0.02 0.00 0.00 0.00 0.00 0.00 0.05 o.oo 0.01 o. ·;:3 0.00 
cu 0.02 0.13 0.00 0.00 0.01 0.03 0.01 0.03 0.00 0.00 0.00 0.01 
ZN o.oo 0.59 o.oo 0.00 0.04 0.07 0.04 0.23 0.02 0.00 0.69 0.06 
SE 0.33 0.00 0.00 0.00 0.08 0.00 o.oo 0.00 o.oo 0.00 0.00 0.01 
TOTAL 100.60 100.06 99.67 100.30 99.71 99.47 99.34 99.51 99.52 99.38 99 .6,2 99.85 I 
~ 
w 
w 
I 
P268B-7 P268!-8 P268B-9 P268B-1 P268B-11 P268B-12 P26BB-13 
IJEIGHT % 
FE 46.36 46.65 46.46 46.85 46.91 46.35 47.45 
s 52.97 53.06 53.22 53.13 53.07 53.73 52.76 
co 0.15 0. 11 0.16 0.10 0. 1 s 0.14 0.14 
NI o.oo 0.00 0.00 0.00 0.00 0.00 0.00 
HN 0.00 0.00 0.01 0.02 0.00 0.00 o.oo 
cu 0.39 0.02 0.01 0.00 0.03 0.00 0.00 
ZN 0.00 0.09 0.04 0.00 0.00 0.00 0.00 
SE 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
TOTAL 99.86 99.93 99.91 100.10 1 00. 16 99.22 100.36 
TABLE IV.3.2 CHALCOPYRITE ANALYSES FROM POLUSAGI 
P72-2B P72-4A P72-4D P72B-1E P72D-·I C P72D·-·2B P72D-3C P 132·-1 B P132-2B P132-3B Pl :32-7C P208C-1B 
UEIGHT % 
FE 31.96 31.22 30.86 30.24 30.21 30.01 29.79 30.09 30.11 29.94 30 .. 83 29.91 
cu 33.52 33.92 33.97 33.68 33.94 33.61 33.85 34.75 34.50 34.57 34 .. 03 33.85 
s 33.67 34.20 34.13 34. 19 34.35 34.27 34.39 34.01 34.35 34.1 a 33 .. 53 34.32 
co 0.04 0.08 0.11 0.06 0.03 0.00 0.00 0.06 0.05 0.03 o .. oo 0.07 
NI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.oo 0.00 0.01 
MN 0.02 0.01 0.00 0.03 0.00 0.02 0.00 0.00 0.00 0.01 0 .. 01 0.00 
ZN 0.02 0.00 0.00 0.57 0.54 1. 56 1. 33 0.54 0.02 0.55 0 .. 51 2.11 
SE 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.01 
TOTAL 99.23 99.43 99.07 98.77 99.07 99.47 99.36 99.45 99.03 99.28 99 • 1~4 100.29 I ..,_ 
w 
..,_ 
I 
P208C-2B P208C-3C P212-1A P212-2C P212A-·1C 
LIEIGHT % 
FE 29.67 30.27 30.91 30.32 29.97 
cu 34.29 34.62 34.17 34.09 33.83 
s 33.82 34.08 33.92 34.62 34.38 
co 0.04 0.06 0.00 0.12 0.04 
NI 0.00 0.01 0.('13 0.01 0.00 
HN 0.00 0.00 0.01 0.04 0.02 
ZN 0.45 0.36 1.65 1.38 1.11 
SE 0.00 0.00 0.00 0.00 0.02 
TOTAL 98.27 99.40 100.70 100.58 99.37 
TABLE IV.3.3A SPHALERITE ANALYSES FROM POLUSAGI 
P72A-2A P72A-2B P27A-2C P72A-2D P72A-3A P72A-3B P72A-3C P72A·-3D P72B-1C F'72B·-1D P72B-4B P72B-4C 
UEIGHT % 
ZN 66.64 67.01 65.57 64.73 64.69 66.03 64.82 64.00 67.05 67.02 65.63 66.93 
s 32.21 32.50 32.12 32.04 32.45 32.05 31 • 89 32.00 32.30 32.41 32.36 32.22 
FE 0.27 0.27 1.09 1.28 1. 94 1.04 1.17 1. 88 0.14 0.47 1 .. 16 0.50 
MN 0.03 0.04 0.02 0.02 0.00 0.00 0.00 0.00 0.02 0.00 0.02 0.00 
cu 0.08 0.01 0.92 0.77 0.02 0. 16 1. 06 1.44 0.02 0.31 0 • 1~1 0.17 
SE 0.02 0.00 0.00 0.01 0. 11 0.08 0.02 0.08 0.04 0.07 0.14 0.04 
AG o.oo 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CD 0.21 0.19 0.25 0.34 0.19 0.19 0.18 0. 15 0.25 0.25 0.25 0.27 
TOTAL 99.46 100.02 99.97 99.19 99.40 99.55 99.14 99.55 99.82 100.53 99o57 100.13 
I 
~ 
w 
U1 
P72D-1 A P72D-2C P72D-3A P132-3C P208C-1C P208C-2A P208C-3B P208D·-1 A P208D-2B P210A-5B P2H)A-SC P211AB-4 I 
IJEIGHT % 
ZN 63.55 64.51 65.70 64.02 66.16 65. 11 65.92 66.25 66.21 66.41 66.61 66.25 
s 32.58 32.41 32.58 32.66 32.59 32.63 32.40 32.29 32.30 32.32 32 .. 52 32.56 
FE 1.90 1.42 0.42 1. 24 0.93 1. 32 0.99 0.21 0.25 0.32 0 .. 46 0.39 
MN 0.03 0.02 0.01 0.05 i).04 0.00 . 0.00 0.00 0.00 v.04 0.08 0.00 
cu 1 • 31 0.78 0.24 1. 00 0.54 0.93 0.59 0.08 0. 19 0.00 0 .. 00 0.12 
SE 0.00 0.02 0. 11 0.07 0.01 0.06 0.07 0.05 0. 11 0.03 0 .. 03 C.01 
AG 0.01 0.02 0.00 0.01 0.04 0.01 0.02 0.02 o.oo 0.00 0.00 0.00 
CD 0.12 0. 18 0.13 0.36 0.36 0. 11 0. 12 0.17 0.14 0. 15 0.16 0. 18 
TOTAL 99.50 99.36 99.19 99.41 100.67 100.17 100.10 99.07 99.20 99.27 99.86 99.52 
TABLE IV.3.3A SPHALERITE ANALYSES FROH POLUSAGI - CONT~D 
P212-1B P212-2B P212A-1B P212A-2B P21JIIII2A 
IJEIGHT % 
ZN 65.70 66.49 66.17 66.45 67.33 
s 32.80 32.84 32.35 32.56 32.45 
FE 0.06 0.36 0.63 0.05 0.35 
MH 0.00 0.02 O.Ot 0.04 0.02 
cu 0.19 0.09 0.12 0.15 0.04 
SE 0.05 0.06 0.01 0.00 0.09 
AG 0.00 0.00 0.00 0.00 0.00 
CD 0.15 0.14 0.18 0.16 0.16 
TOTAL 98.95 100.00 99.47 99.41 100.45 I 
~ 
w 
C1' 
I 
TABLE IV.3.3B SPHALERITE ANALYSES FROM CANAKCI 
E1-6A-1C E1-6B-1A E1-7-1D E1-7-1E E3A·-3-2A E3A-3-2B E4·-4·-2D E5-3-1A E5·-A·-1A E5·-A-2B E5-J8-2D 
UEIGHT % 
ZN 66.29 66.37 66.75 66.88 65.24 64.71 66.69 65.90 66.42 66.17 65. ~:i5 
s 32.43 32.28 32.53 32.68 32.04 31 • 95 32.62 32.58 32.75 32.62 32. (~3 
FE 0. 13 0.22 0.03 0.04 0.99 0.74 0. 15 0.60 0.64 0.54 0.91 
HN 0.03 0.00 0.00 0.00 0.12 0.09 0.00 0.00 0.00 0.00 0.02 
cu 0.43 0.33 0.00 0.08 1 • 19 0.34 0.14 0.08 0.04 0.32 0.17 
SE 0.02 0.10 0.03 0.00 0.06 o.oo 0.06 0.06 0.05 0.03 0.04 
AG 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.oo 0.00 0.00 
CD 0.92 0.91 0.77 0.94 0.76 0.69 1.18 0.32 0.30 0.30 0.26 
TOTAL 100.25 100.21 100.11 100.62 100.40 98.52 100.84 99.54 100.20 99.98 99.78 I 
.f::-
w 
-....! 
I 
TABLE IV.3.4A GALENA ANALYSES FROM POLUSAGI 
P72-2A P72-4B P72-4C P72B·-1B P72B·-1 F P72B-4A P72B·-4D P72D-·t B P72D-2A P72D-3B P132-1A P132·-2A P132-3A 
lJEIGHT Z 
PB 85o53 85o92 85.64 86o33 86.40 86.42 86.33 86.68 86.91 85.87 86.52 85. :!7 85.20 
s 13.23 13.56 13.23 13.34 13.34 12.53 t 3. 11 13.62 13.60 13.45 12.71 12.83 12.77 
MN 0.00 o.oo 0.03 0.00 0.00 0.03 0.04 0.01 0.00 0.00 OoOO 0.01 o.oo 
AS 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.oo 0.00 0.00 o.oo 
SE Oo38 0.34 0.41 0.07 0.09 0.02 0.17 0.00 o.oo 0.00 1.29 1.21 1.64 
AG 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.32 0.05 0.21 0.08 0.07 0.00 
CD 0.11 0.08 0.09 0.09 0.14 0.04 0.06 0.14 0.12 0. 1 5 0.08 0. '! 1 0.14 
SB OoOO 0.00 0.00 0.00 0.00 Oo01 0.01 0.02 0.01 0.04 0.04 0.00 0.00 
TE Oo03 0.04 0.08 0.02 0.05 0.00 0.08 0. 11 0.01 0.03 0.10 0.00 0.08 I ~ 
BI OoOO 0.00 0.00 0. 01 0.00 0.00 0.04 0.00 0.00 0.00 Oo06 0.04 0.06 w co 
TOTAL 99.28 99.94 99.50 99.86 100.02 99.05 99.84 100.90 100.70 99.75 100 .. 88 99 .5,4 99.89 I 
P208C-1A P208C-2C P208C-1A P208D-1B P208D-2A P210A-5A P210A-5D P210AB-4A P212-1C P212-2A P212A-1A P212A-2A P213-2B 
\.lEIGHT % 
PB 86.56 86.45 86.94 86.57 86.23 85.88 86.55 86.38 86.61 86.74 85.51 86 .. 65 8-'.2~ 
s 13.40 13.24 13.30 13.24 13.51 13.45 13.40 13.42 13.42 13.34 13.28 13.48 13.41 
MN Oo01 0.00 0.01 0.0? OoOO 0.00 0.{)5 0.00 0.01 0.01 0.00 0 .. 01 o.oo 
AS 0.00 0.00 0.04 0.00 0.02 0.04 0.06 0.04 0.00 0.00 0.00 0.00 0.02 
SE Oo01 0.07 0.01 0.00 0.00 0.04 0.08 0.21 0.00 0.00 0.00 0 .. 00 0.00 
AG OoOO 0.00 0.00 0. 13 0.10 0.03 0.05 0.03 0.03 0.04 0.01 0 .. 06 0.02 
CD 0.08 0. 11 0.12 0 016 0. 1 1 0.18 0.18 0. 14 0.12 0.14 0.13 o. 1 a 0.08 
SB Oo02 0.00 0.00 0.02 0.00 0.00 0.00 o.oo 0.06 0.00 0.03 0.00 0.02 
TE 0.06 0 0 11 0.16 Oo07 0.10 0.00 0.07 0.00 0.02 0.05 0.10 0.04 O.OJ 
BI 0.05 0.13 0.05 0.14 0.08 0.00 0.00 0.02 0.01 0.02 0.00 0.00 0.04 
TOTAL 100.19 100.11 100.63 100.35 1 00. 15 99.62 100.44 100.24 100.28 100.35 99.05 100 .. 43 99.87 
TABLE IV.3.4B GALENA ANALYSES FROH CANAKCI 
E1-6A-1B Et-68-tB E1-7-1C E1-7-1F E4·-4·-2C E5-3-1B ESB·-2C E5A--2A E5A·-1 B 
UEIGHT I 
PB 86.67 85.77 86.62 86.63 85.89 86.22 86.45 86.10 86.06 
s 13. 19 13. 13 13.08 1 3. 11 1 3. 11 13.43 13.42 13.40 13.22 
liN o.oo 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 
AS 0.05 0.00 0.00 0.05 0.00 0.02 0.04 0.02 0.01 
SE 0.41 0.52 0.76 0.17 0.87 0.24 0.00 0. 01 0. 11 
AG 0.04 o.os 0.03 0.07 0.04 0.01 o.os 0.03 0.03 
CD 0.16 0.15 0.13 0.14 0.13 0.16 0.15 0.13 0. t 2 
SB 0.00 0.01 0.01 0.07 0.01 0.04 0.00 0.03 0.00 
TE 0.03 0.01 0. 01 0.00 0.07 0.04 0.09 0.05 0.06 I 
BI 0.00 0.02 0.00 0.00 0.04 0.01 0.03 0.01 0.02 -"' w 
TOTAL 100.56 99.66 100.66 100.23 100.16 100.17 100.23 99.77 99.64 \0 I 
El-6-4 E1-6-5 
YEIGHT % 
FE 11 • 39 11 .74 
cu 62.08 62.49 
s 25.17 25.15 
ZN 0. 13 0.00 
AG 0.05 0.01 
TOTAL 98.87 99.38 
El-6-7 
12.58 
60.39 
25.20 
0.10 
0.00 
98.28 
TABLE IV.3.5 BORNITE ANALYSES FROH CANAKCI 
E1-6-8 
11.26 
63.09 
24.14 
0.00 
0.04 
98.54 
I 
~ 
~ 
0 
I 
TABLE IV.3.6 HAUSONITE ANALYSES FROM CANAKCI 
Et-6-1 E1-6-1A E1-6A-2A E1-61A-2A E1-61A-2B E1-61A-2C E1-61A-2D E1-61B-1A E1-61B-2A E1-61B-3A 
UEIGHT I 
FE 12.62 14.05 14.04 12.88 13.17 12.83 11.23 14.05 13.94 12. 19 
s 28.37 28.63 28.66 28.43 28.61 28.87 28.89 27.83 28.38 28.64 
cu 41 . 18 41 • 88 42.06 44.93 44.25 44.30 45.00 42.90 43.07 43.14 
ZN I . 41 0.05 0. 11 0.04 0.05 0.00 0.09 0.14 0. 11 0.08 
AG 0.02 0.00 0.00 0.06 0.06 0.06 0.05 0.00 0.00 o.oo 
SN 15.32 14.71 14.92 13.59 14. 17 13.90 14.57 14.87 14.87 16.26 
TOTAL 98.91 99.33 99.79 99.93 100.31 99.97 99.83 99.79 100.37 1 00. 31 
ATOHIC FORHULA - ON BASIS OF 17 ATOMS 
I 
~ 
FE 2.012 2.218 2.209 2. 021 2.06 2.008 1 .767 2.225 2.188 1 .924 ~ t-' 
s 7.878 7.871 7.855 7. 771 7.799 7.869 7.917 7.678 7.759 7.873 I 
cu 5.769 5. 811 5.817 6.195 6.086 6.094 6.221 5.971 5.94 5.984 
ZN 0.192 0.007 0.014 0.005 0.007 0.001 0.012 0.019 0.015 0.011 
AG 0.002 0.000 0.000 0.005 0.005 0.005 0.004 0.000 0.000 0.000 
SN 1.149 1. 093 1 • 1 05 1.003 1. 043 1. 024 1.078 1 • 1 08 1. 098 1. 207 
TABLE IV.3.7 HEXASTANNITE ANALYSES FROM CANAKCI 
E1-61B-4A E1-61B-4B 
UEIGHT % 
FE 9.23 9. 16 
s 28.76 28.88 
cu 38.90 39.32 
ZN 5.03 s. 15 
AG 0.05 0.02 
SN 18.30 18.48 
TOTAL 100.27 101.01 
ATOMIC FOR~ULA - ON BASIS OF 25 ATOMS I 
.,.. 
.,.. 
FE 2.168 2.137 N I 
s 11.765 1 1. 740 
cu 8.029 8.065 
ZN 1. 009 1. 026 
AG 0.006 0.003 
SN 2.023 2.029 
TABLE IV .3 .8 COLUSITE ANALYSES FROM CANAKCI 
E1-62-1A E1-63-1A E1-63-1B E1-63-1C E1-7-3A E2-3-2A E4-1-1A E4-1-1B E4-1-1C E4-1--1 D E4-4-3A E4-4-4A 
IJEIGHT % 
FE 1.22 3. 92 5.19 5.19 0.71 2.07 1.42 1.38 1.13 1. 02 0.17 2.69 
s 30.94 30.76 29.70 29.71 31.35 31.15 31.26 31.28 31.13 31 • 27 31 "20 31 .46 
v 2.79 2. 11 2.00 1. 98 3.20 3.14 3.17 3.34 3.24 3.29 3.17 3.20 
cu 50.44 50.68 52.88 52.89 50.97 49.80 50.23 50.21 50.21 50.60 49.65 49.81 
ZN 0.05 0.16 0.08 0.08 0.29 o.oo 0.00 0.00 0.02 0.00 3 .. 03 0.00 
GA 0.03 0.05 0.04 0.04 0.12 0.00 0.02 0.00 0.00 0.03 0.06 0.02 
GE 3.00 1. 96 2.31 2.30 2.94 3.60 3.37 3.26 3.29 3. 34 3 .. 81 4. 01 
AS 8.67 7.59 7.92 7. 92 8.44 8.74 8.98 9. 18 8.89 9.03 8.30 8.41 
AG 0.02 0.04 0.04 0.02 0.09 0.01 0.01 0.02 0.01 0.00 0.01 0.00 I 
SN 1.06 1. 96 1. 22 1 • 23 1.39 0.67 0.89 0.86 1.16 0.99 0.26 0.46 ~ ~ 
TOTAL 98.22 99.24 101.39 101.34 99.49 99.18 99.35 99.54 99.08 99.57 99.65 100.08 w I 
ATO"IC FORHULA - ON BASIS OF 4 SULPHUR 
FE 0.091 0.293 0.401 0.401 0.052 0.153 0.1 OS 0. 101 0.083 0.075 0.013 0.197 
s 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 
II 0.227 0 .17Z 0.170 0.168 ;,.2::i/ 0.254 0.255 0.269 0.262 0.264 0.256 0.256 
cu 3.291 3.325 3.593 3.593 3.281 3.227 3.242 3.239 3.254 3.266 3. 212 3.196 
ZN 0.003 O.J10 0.005 0.005 0.018 0.000 0.000 0.000 0.001 0.000 0. i91 0.000 
GA 0.002 0.003 0.002 0.002 0.007 o.ooo 0.001 0.000 0.000 0.002 0.003 0.001 
GE 0.172 0. 113 0.138 0.137 0.165 0.204 0.190 0.184 0.189 0.189 0. 216 0.226 
AS 0.480 0.422 0.456 0.456 0.461 0.480 0.492 0.503 0.489 0.494 0. 455 0.458 
AG 0.001 0.002 0.002 0.001 0.003 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
SN 0.037 0.069 0.044 0.045 0.048 0.023 0.031 0.030 0.040 0.034 0.009 0.016 
TABLE IV.3.8 COLUSITE ANALYSES FROM CANAKCI - CONT~D 
ES-A-JA E5-A--4A E5-J-4A E5-3-5A E5-3-5B 
WEIGHT % 
FE 2.45 2.91 2.81 1.32 1.44 
s 31.42 31 • 27 31.43 31 • 24 31 .13 
v 3.10 3.22 3.25 3.22 3.26 
cu 49.81 48.96 50.05 50.47 51.42 
ZH 0.00 0.00 0.00 0.00 0.00 
GA 0.00 0.09 0.06 0.00 0.00 
GE 3.15 2.63 2.99 3.83 3.76 
AS 8.92 9.30 9.05 8.85 8.36 
AG 0.02 0.02 0.00 0.00 0.00 I SN 0.82 1.37 0.29 0.22 0.20 ..1:-
..1:-TOTAL 99.690 99.770 99.940 99.160 99.580 ..1:-I 
ATOMIC FORHULA - ON BASIS OF 4 SULPHUR 
FE 0.179 0.214 0.206 0.097 0.106 
s 4.000 4.000 4.000 4.000 4.000 
v 0.248 0.260 0.260 0.260 0.264 
cu 3.199 3.160 3.214 3.260 3.334 
ZN 0.000 0.000 0.000 0.000 0.000 
GA 0.000 0.005 0.003 0.000 0.000 
GE 0.177 0.148 0.168 0.217 0.214 
AS 0.486 0.509 0.493 0.485 0.460 
AG 0.001 0.001 0.000 0.000 0.000 
SN 0.028 0.047 0.010 0.008 0.007 
TABLE IV.3.9A FAHLORE ANALYSES FROM POLUSAGI 
P72-1A P72-3A P72A-1A P72B-2A P72B-2B P72B-2C P72B-2D P72B-2E P72B-2F P72B-2G P72B-2H P72B-3A 
UEIGHT % 
FE 1 • 61 1 • 48 2.46 0.57 0.25 0.22 0.46 0.52 0.86 1.12 0"22 0.07 
s 27.16 27.03 26.90 26.37 26.26 26.38 26.50 26.51 26.54 26.78 26.1l·2 26.24 
cu 42.32 42.14 41.26 41 • 81 41.22 41 .85 41 • 38 41 • 06 41 • 31 41 • 29 41 • ·11·5 40.84 
ZN 8.28 8.35 8.37 9.04 10.66 9.09 9. 12 9.72 8.60 8.42 a.•n 10.07 
AS 17. 18 18.26 16.05 13.83 12.87 13.76 13.89 13.87 13.40 13.61 13. ()5 10.75 
AG 0.06 0.19 0.04 0.03 0.03 0.05 0.03 0.03 0.02 0.03 0.02 0.04 
SB 4.38 2.55 5.86 9.27 9.94 1 0. 01 9.50 9.66 1 0. 01 9.65 9.65 13.53 
TE o.oo 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 o.oo 0.06 0.02 
BI o.oo o.oo 0.00 o.oo 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 I 
TOTAL 100.99 100.00 100.95 100.94 1 01 • 25 1 01 • 35 100.87 1 01.36 100.76 100.89 100.<S0 101.56 .!:'-
.!:'-
V1 
I 
ATOMIC FORMULA - ON BASIS OF TOTAL METALLIC ATOMS=16 
FE 0.423 0.392 0.650 0. 1 52 0.067 0.058 0.123 0.138 0.233 0.302 0.061 0.018 
s 12.465 12.446 12.384 12.327 12.248 12.328 12.443 12.379 12.515 12.613 12.592 12.437 
cu 9.800 q.989 9.582 9.s:l62 9.700 9.869 9.806 9.674 9.877 9. 811 9.1392 9.765 
ZN 1.864 1. 885 1.890 2.073 2.439 2.084 2.101 2.226 1.989 1.945 2.071 2.341 
AS 3.37:, 3.598 3. 161 2.766 2.569 2.752 2. 792 2. 771 ~.704 2.742 2.763 2.179 
AG 0.008 0.026 0.006 0.004 0.005 0.006 0.005 0.004 0.004 0.004 0. ~~03 0.006 
SB 0.529 0.309 0.711 1.141 1 • 220 1. 231 1.174 1 • 187 1. 243 1. 197 1. :~03 1 • 689 
TE 0.000 0.000 0.000 0.002 0.001 0.000 0.000 0.000 0.000 0.000 0.007 0.003 
BI 0.000 0.000 o.ooo 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0. 1000 0.000 
TABLE IV. 3. 9A FAHLORE ANALYSES FROM POLUSAGI - CONT·' D 
P72D-5A P132-5A P132-6A P132-7A P132-8A P132·-9A P132A·-1A P132B-1A P132B-2A P208C-4A P2013C-4B P208C-4C 
IJEIGHT % 
FE 2.45 1 • 29 1. 66 0.29 1. 57 0.92 0.95 1.47 1 • 36 1.33 1. 38 1.55 
s 25.56 27.16 27.81 27.40 27.35 27.73 27.81 26.98 27.00 27.20 27.34 27.09 
cu 39.40 43.18 41.45 43.04 42.28 43.09 44.21 41.78 42.66 41.59 39.51 40.33 
ZN 8.90 7.67 7.88 7.95 7.79 6.28 8.14 8.15 8.04 8.25 9. '18 8.63 
AS 8.01 18.53 18. 1 0 18.07 17. 11 17.34 18.21 18.50 19.28 15.45 15.65 15.49 
AG 0.06 0.02 0.01 0.00 0.02 0.04 0.01 0.00 0.01 0.04 0.02 0.04 
SB 16.97 3.04 2.57 2.96 3.34 3.74 1. 01 2.42 2.37 7.07 6. "19 7.30 
TE 0.07 0.05 0.09 0.09 0.00 0.00 0.00 0.03 0.06 0.03 0.07 0.02 
BI 0.00 0.08 0.05 o.oo 0.00 0.00 0.14 o.oo 0.12 0.00 0.00 0.00 I 
TOTAL 101.42 101.02 99.62 99.80 99.45 99.15 100.48 99.32 100.89 100.96 99.34 100.45 ~ ~ 
0\ 
I 
ATOMIC FORMULA - ON BASIS OF TOTAL HETALLIC ATOMS=16 
FE 0.670 0.338 0. 447 0.077 0.420 0.251 0.251 0.391 0.356 0.357 0.377 0.420 
s 12. 179 12.397 13.016 12.775 12.770 13.132 12.739 12.521 12.289 12.690 13.025 12.734 
cu 9.471 9.946 9.788 10.126 9.961 10.295 10.218 9.783 9.795 9.793 9.497 9.564 
ZN 2.080 1 • 718 1 • 808 1 • 818 1.784 1. 458 1 .828 1.854 1.794 1. 889 2. ~ 46 1. 989 
AS 1.633 3.619 3.624 3.605 3.419 3.515 3.571 3.673 3.754 3.1)85 3.~92 3. 115 
AG 0.009 O.Oi>3 0.002 0.000 0.003 0.006 0.001 0.000 0.001 0.006 0.003 0.005 
SB 2.129 0.366 0.317 0.364 0. 411 0.466 0.122 0.296 0.283 0.868 0.:776 0.904 
TE 0.008 0.006 0. 011 0. 011 0.000 0.000 0.000 0.004 0.007 0.003 0. ,009 0.003 
BI 0.000 0.006 0.004 0.000 0.000 0.000 0.010 0.000 0.008 0.000 o. 000 0.000 
TABLE IV.3.9A FAHLORE ANALYSES FROM POLUSAGI - CONT~D 
P208C-4D P208C-4E P208C-4F P208C-SA P208C-5B P208C-6A P208D-3A P208D-4A P211AB-1A P211AB-1B P211AB-1C P211AB-1 
WEIGHT I 
FE 1.58 1.53 1. 67 2.05 2.17 1.39 2.12 2.24 4.47 3.28 3.~t3 5.91 
s 27.19 27.21 26.99 26.90 27.04 26.17 27.53 27.43 27.23 27.06 27.34 28.07 
cu 39.98 40.31 40.39 40.28 41 • 81 41 • 68 40.25 41 • t 9 41.88 42.09 41.?8 39.89 
ZN 9.20 8.56 8.81 7. 72 8.10 8.45 7.85 7.76 5.59 5.39 5.11? 4.75 
AS 15.41 15.31 14.90 15.39 15.49 15. 19 17.46 17.45 11.19 15.77 16. ;' 1 13.18 
AG 0.04 0.04 0.03 0.07 0.07 0.01 0.03 0.01 0.09 0.04 0.06 0.04 
SB 7.18 7.89 7.76 7.03 6.64 7.47 3.91 3.93 9.68 6.01 5.60 8.77 
TE 0.02 0.12 0.04 0.00 0.05 0.08 0.00 0.03 o.oo 0.04 0.00 0.04 
BI 0.00 0.00 0.00 o.oo 0.00 0.00 0.20 0.69 0.00 0.00 0.00 o.oo I TOTAL 100.61 100.96 100.60 99.45 101.37 100.43 99.35 100.74 1 00. 12 99.70 100.00 f00.63 .po.. 
.po.. 
...... 
ATOMIC FORMULA - ON BASIS OF TOTAL METALLIC ATOHS=16 I 
FE 0.426 0.412 0.450 0.557 0.573 0.371 0.575 0.595 1. 214 0.883 0.895 1. 605 
s 12.762 12.773 12.666 12.757 12.458 12. 153 12.985 12.725 12.889 12.691 12.803 13.282 
cu 9.466 9.547 9.563 9.636 9. 720 9.765 9.579 9.640 10.002 9.959 9 .1371 9.523 
ZN 2. 118 1.970 2.027 1.796 1 • 831 1.923 1 . 816 1. 766 1.298 1 • 241 1. "187 1 . 1 02 
AS 3.095 3.07") 2.992 3.122 3.054 3.019 3.525 3.465 2.267 :C.165 3.349 2.668 
AG 0.006 0.005 0.004 0.010 0.010 0.001 0.005 0.002 0.012 0.005 0.008 0.005 
SB 0.887 0.976 0.959 0.878 0.806 0.913 0.486 0.481 1 • 206 0.743 0.690 1. 093 
TE 0.003 0.015 0.005 0.000 0.006 0.009 0.000 0.003 0.000 0.005 0. ()00 0.005 
BI 0.000 0.000 0.000 0.000 0.000 0.000 0.015 0.049 0.000 0.000 0 .1)00 0.000 
TABLE IV.3.9A FAHLORE ANALYSES FROH POLUSAGI - CONT'D 
P211AB-2A P211AB-2B P211AB-3A P211AB-3B 
YEIGHT % 
FE 2.6 2.75 2.87 3.03 
s 27.23 27.27 26.72 26.80 
cu 41 • 1 8 41 • 25 41 • 10 41 • 37 
ZN 7.83 7.68 6.27 5.66 
AS 14.00 14.33 13.17 13.31 
AG 0. 12 0. 11 0.04 0.07 
SB 7.86 7.97 10.71 10.53 
TE 0.06 0.07 0.00 0.02 
BI 0.00 0.00 0.00 0.00 
TOTAL 100.84 1 01 • 45 100.89 100.80 I ~ 
~ 
00 
ATOHIC FORMULA - ON BASIS OF TOTAL ltETALLIC ATOHS=16 I 
FE 0.697 0.734 0.778 0.821 
s 12.735 12.671 12.598 12.656 
cu 9.717 9.668 9.779 9.857 
ZN 1 • 796 1 .750 1 • 451 1 • 31 I 
AS 2.802 2.849 2.657 2.689 
AG 0.0~7 0.015 0.006 0.009 
SB 0.963 0.975 1.330 1 . 31 0 
TE 0.007 0.009 0.000 0.003 
BI 0.000 0.000 0.000 0.000 
TABLE IV.3.9B FAHLORE ANALYSES FRO" CANAKCI 
E1-1-1A Et-1-18 E1-1-1C E1-6 E1-6A-1A E1-6B-1C E1--68-ID E1-6B-1E E1-7-1A E1-7-18 E1-7-2A E2-3-IA E2-4-1A 
IJEIGHT % 
FE 0.81 1.08 1.02 0.15 0.27 0. 15 0.10 0.17 0.08 0. 1 0 0.20 1.13 1 .29 
s 27.18 27.31 27.56 26.87 27.50 27.45 27.53 27.37 27.52 27.83 26.33 27.56 27.31 
cu 43.81 43.39 43.99 43.07 43.65 42.91 42.13 42.57 43.02 42.85 44.31 43.12 43.04 
ZN 7.89 7.83 7.84 7.76 7.86 8.25 8.73 8.29 8. 19 8.11 7.97 7.68 6.98 
AS 19.71 19.34 19.64 19.46 19.59 19.00 19.19 19.20 19.38 19. 19 19.01 19.03 18.62 
AG 0.07 0.08 0.08 0.02 0.02 0.05 0.05 0.03 0.04 0.03 0.03 0.03 0.06 
SB 0.40 0.32 0.42 0.59 0.41 0.61 0.56 0.59 0.46 0.64 0.55 0.69 0.05 
TE 0.94 0.79 0.82 0.99 0.96 0.95 0.94 0.90 0.97 1. 01 0.98 1 • 0 '! 1.85 
BI 0.20 0.21 0. 18 0.21 0.11 0.14 0.15 0.09 0.18 0.18 o;24 0.35 0.20 
TOTAL 100.99 100.35 1 01 • 54 99.12 100.37 99.50 99.38 99.22 99.84 99.95 99.61 100.63 99.39 I 
"" 
"" '..0 ATO"IC FOR"ULA - ON BASIS OF TOTAL HETALLIC ATOHS=16 I 
FE 0.211 0.283 0.265 0.040 0.072 0.039 0.027 0.046 0.022 0.027 0.052 0.297 0.346 
s 12.332 12.494 12.456 12.501 12.650 12.787 12.866 12.781 12.777 12.972 12.041 12.658 12.711 
cu 10.029 10.018 10.032 1 0. 1 09 10.128 10.086 9.936 10.030 10.077 10.078 10.224 9.994 10. 1 08 
L:N 1 • 755 1. 757 1.738 1 .770 1. 773 ; .8&5 2.002 1.898 1.665 1.854 1.7;:i8 1 .731 1.593 
AS 3.827 3.787 3.800 3.875 3.855 3.788 3.838 3.836 3.849 3.828 3.720 3.750 3.708 
AG 0.010 O.C11 0.010 0.003 0.0?3 0.007 0.006 0.1)05 0.006 0.004 0.004 0.0·04 0.0?8 
SB 0.047 0.038 0.049 0.073 0.049 0.075 0.069 0.072 0.056 0.078 0.066 0.083 0.007 
TE 0.107 0.091 0.093 0.116 0. 112 0. 11 I 0.111 0.106 0. 113 0.118 0. 113 0. 116 0.216 
BI 0.014 0.015 0.013 0.015 0.008 0.010 0.011 0.006 0.013 0.013 0.017 0.025 0.015 
TABLE IV.3.9B FAHLORE ANALYSES FROM CANAKCI - CONT/D 
E2-4-1i E3-1A E3-A3-1 E4-4·-1A E4-4·-2A E4-4-2B E5-A·-1 C E5-A-2C E5-B-1A E5·-3-·l C E5·-3·-t D E5B-2A E5B-2B 
UEIGHT X 
FE 0.95 0.38 2.57 0.10 0.27 0.35 0.48 0.83 0.22 0.30 0.22 0. 11 0.15 
s 27.75 27.48 26.67 27.44 27.50 27.57 27.80 27.59 27.45 27.58 27.13 27.68 27.80 
cu 43.84 44.32 41.49 44.16 43.08 42.51 43.03 42.67 44.20 43.69 42.90 43.17 44.69 
ZN 7.04 7.91 7.14 8.24 8.24 7.89 9.18 8.38 8.71 8.51 8.65 8.65 8.38 
AS 18.55 18.98 15.94 17.92 18.70 18.49 18.36 18.85 18.87 19.27 18.66 18.55 1 B .08 
AG 0.05 0.03 0.02 0.02 0.05 0.02 0.03 0. 01 0.00 0.02 0.03 0.04 0.06 
SB 0.43 0.44 3.47 1.05 1.14 1.19 1.44 1.63 1.49 1.80 1.59 1. 58 1. 47 
TE 1.60 0. 92 1.48 1. 42 1.18 1.33 0.22 0.23 0.30 0.14 0. 14 0. 3"1 0.22 
BI 0.23 0.38 1.05 0.14 0.44 0. 41 0.16 0.14 0.13 0.20 0.15 0.13 0. 1 0 I 
TOTAL 100.43 100.83 99.82 100.49 100.59 99.76 100.69 100.32 1 01 • 36 101.52 99.48 100.23 100.94 .p.. Vl 
0 
I 
ATOMIC FORMULA - ON BASIS OF TOTAL METALLIC ATOMS=16 
FE 0.253 0.099 0.690 0.027 0.071 0.095 0.126 0.219 0.057 0.080 0.060 0.029 0.038 
s 12.827 12.563 12.482 12.651 12.712 12.919 12.779 12.726 12.456 12.541 12.589 12.821 12.728 
cu 10.223 10.224 9.798 10.271 10.048 10.050 9.9RO 9.930 10.120 10.024 10.042 10.088 10.322 
ZN 1 . 596 1 • 775 1. 638 1 • 864 1 • 868 1 • 812 2.069 1.896 1. 938 1. 899 1. 969 1 .964 1 .882 
AS 3.668 3.713 3.192 3.535 3.699 3.707 :!.611 3.720 3.665 3.750 3.704 3.676 3.542 
AG 0.007 0.004 0.003 0.003 0.006 0.003 0.005 0.002 0.000 0.003 0.004 0.005 0.008 
SB 0.053 0.053 0.427 0.128 0.139 0.147 0.174 0.197 0.178 0.216 0.195 0.193 0.177 
TE 0.186 0. 1 06 0.174 0.164 0.137 0.157 0.025 0.027 0.034 0.016 0.016 0.037 0.025 
BI 0.016 0.027 0.075 0.010 0.031 0.030 0. 011 0.010 0.009 0.014 0.011 0.010 0.007 
TABLE IV.3.10 HAGNETITE ANALYSES FROH POLUSAGI 
P212-2A P212-2B 
UEIGHT I 
F£203 66.04 65.740 
FEO 29.37 29.460 
503 3.25 3.330 
ZNO 0.56 0.320 
TOTAL 99.22 100.130 
I 
.1::-
Ul 
..... 
I 
TABLE IV.3.11 CHROMITE ANALYSES FROM CANAKCI 
CR-lA CR-1B CR-2A CR-2B CR-3A CF:-3B CR-4A CR-4B 
WEIGHT Z 
5102 0.05 0.35 0.06 0.04 0.08 0.56 0.14 0.07 
TI02 0.16 0.10 0.12 0.13 0. 12 0. 11 0.15 0. 15 
AL203 10.94 10.59 10.99 11 • 1 a 11.00 10.26 10.57 11 .04 
CR203 59.55 58.25 58.76 59.73 59.95 sa. n 58.65 59.68 
FE203 3.68 3.60 2.69 2.81 2.69 3.57 1.28 3.13 
FEO 11.90 12.53 12.72 12.46 12.70 12.09 12.26 12.26 
11NO 0.87 0.76 0.54 0. 72 0.89 0.65 0.83 1.06 
MGO 14.06 13.62 13.32 13.69 13.48 14.18 13.52 "13.68 
V203 0.07 0.13 0.07 0.05 0.05 0.00 0.10 0.06 I 
NIO 0.13 0.13 0.12 0.16 0.13 0. 13 0.09 0. "14 ~ \J1 
TOTAL 1 01 • 41 100.05 99.40 100.96 101.08 100.32 99.60 : 01 . 28 N I 
ATOHIC FORMULA - ON BASIS OF 4 OXYGENS 
SI 0.002 0. 011 0.002 0.001 0.003 0.018 0.004 0.002 
TI 0.004 0.002 0.003 0.003 0.003 0.003 0.004 0.004 
AL 0.409 0.402 0.420 0.420 0.413 0.387 0.403 0. 41 4 
CR 1 • 491 1. 481 1. "i03 1. 503 1. 510 1. 486 1. 499 1.499 
FE3+ 0.088 0.087 0.066 0.067 0.064 0.086 0.080 0.075 
FE2+ 0.315 0.337 0.344 0.332 0.338 0.324 0.331 0.326 
MN 0.023 0.021 0.015 0.019 0.024 0.018 0.02:5 0.028 
116 0.664 0.653 0.643 0.649 0.640 0.676 0.651 0.648 
v 0.002 0.003 0.002 0.001 0.001 0.000 0.002 0.002 
NI 0.003 0.003 0.003 0.004 0.003 0.003 0.002 0.004 
TABLE IV.3.12 GOLD ANALYSES FROH CANAKCI 
E2-4-2B E2-4-2C E2-4-2D 
WEIGHT I 
FE 0.67 0. 77 0.67 
s 16.65 16.41 16.53 
cu 23.70 23.95 23.63 
ZN 3.56 3.64 3.44 
AG 6.12 5.93 5.94 
AU 51.85 51.25 51.17 
PT 0.00 0.00 0.00 
BI 0.14 0.14 0.14 
TOTAL 102.68 102.10 101.51 I 
.p.. 
Vl 
w 
I 
F'72B-6At P72B-6A2 
IJEIGHT % 
FE 16.02 15.97 
cu 50.47 49.87 
s 33.22 33.01 
TOTAL 99.71 98.86 
E3-2A E3-2B 
IJEIGHT % 
FE 15.32 15.70 
cu so. 12 49.63 
s 33.53 33.87 
E3-3E E3-3F 
WEIGHT % 
FE 15.51 15.69 
cu 49.89 50.01 
s 34.02 . 33.69 
TOTAL 99.42 99.39 
TABLE IU.3.13A IDAITE-CHALCOPYRITE lNTERGROUTH FROM POLUSAGI 
P72B-6A3 
15.91 
49.82 
33.17 
98.90 
TABLE IV.3.13B IDAITE-CHALCOPYRITE INTERGROUTH ANALYSES FROM CANAKCI 
E3-2C E3-2D E3-2E E3-2F E3·-2G E3·-2 E3·-3A 
15.46 I~. 71 15.62 15.51 15.74 15.44 16. 14 
49.90 50.17 50.29 49.53 50.19 50.30 49.86 
33.70 33.94 33.93 23.76 33.80 33.79 34.03 
E3-3G E3-3H E3-3I E3-4A E3-4B E]-4C E3··-5A 
15.83 15.66 15.71 15.95 15.94 15.67 15.67 
50.28 50.38 50.54 50.03 50.01 50.33 49.82 
33.58 33.84 33.81 33.44 33.26 33.70 34.24 
99.69 99.88 100.06 99.42 99.21 99.70 99.73 
E3-3B E3 3t: 
15.61 15.43 
49.93 49.86 
33.91 H.O] 
E3-3D 
.s.st 
49.78 
34.19 
I 
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